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Abstract 
This project aimed to revolutionise the surfboard manufacturing technique through the design 
and development of a closed mould system. The majority of surfboards are manufactured using 
an open moulding technique, which consists of a custom-shaped foam inner core enclosed by 
numerous layers of fibreglass and resin. These techniques are performed by hand and result in 
lengthy and expensive manufacturing processes (Anderson, Lis, McTavish, Brewer, & 
McCagh, 2013). A comprehensive literature review has been undertaken in order to ensure that 
the project is built on the right practical and theoretical foundations. Following this review, and 
through the use of suitable conceptual tools, a concept was devised and proposed for the 
manufacture of a prototype surfboard incorporating the advancements in digital fabrication 
techniques with a closed mould system to optimise the product during all stages of manufacture. 
This project has utilised 3D scanning techniques to obtain geometric surfboard data, which was 
coupled with the use of CNC machines to develop precise mould designs. The mould was 
designed in four parts, with a single mould enclosing the entire bottom part of the surfboard, 
and a three-part mould enclosing the deck. This ensures that there is adequate strength in the 
rails by reducing the likelihood of fabric wrinkling and pinching around the rails of the 
surfboard when closing the mould sections. The use of materials has been closely monitored at 
all stages of the design process and to ensure the design is cost-effective, the use of different 
resins and fibre types have been chosen based on the desired property. Initial surfboard 
prototyping was performed using a foam core created from liquid polyurethane foam as CNC 
machines were deemed too inefficient. A hand lay-up of fibreglass and vinyl ester resin within 
the mould was initially unsuccessful due to chemical incompatibilities. Further testing was 
performed and a section of the surfboard was successfully manufactured, proving the moulding 
technique is applicable for surfboard manufacture. Mechanical properties of the original 
surfboard were obtained using ARAMIS digital image correlation apparatus, of which further 
results can be compared against. Whilst the majority of processes have taken longer than 
expected due to unforeseen issues, steep learning curves, time constraints, man-hour 
constraints, chemical incompatibilities and through the continual modification of the design 
process, the project is still deemed to have resulted in a positive outcome and with further 
refinement is believed to be suitable as a cost-effective method of mass production of high 
performance surfboards. 
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Summary of Chapters 
This document has been divided into 9 chapters to highlight the order in which tasks were 
undertaken during the project. 
 
Chapter 1 introduces the topic, aim, motivation and scope of this thesis. Chapter 2 provides an 
in-depth literature review of work related to this topic. Chapter 3 describes the current state of 
technology, including details of a tour to a local surfboard manufacturer. Chapter 4 provides a 
summary of the techniques used to develop a closed mould using digital fabrication techniques 
with Chapter 5 following on with the production of a physical mould. Chapter 6 discusses the 
techniques used for the manufacture of a prototype surfboard using the mould. Chapter 7 shows 
the use of ARAMIS testing apparatus to determine mechanical properties of the surfboard. 
Chapter 8 discusses results and challenges experienced during the project and their possible 
causes. Chapter 9 provides the final outcomes of the project, the potential opportunities and 
recommendations for further work.  
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1. Introduction 
1.1. Context 
The popularity of surfing is increasing in Australia and on a global scale since it is becoming 
more affordable, easier to learn and a fashion trend. As such, there has been an increase in the 
demand for high quality surfboards produced at competitive costs (Gee, 2014).  
 
The majority of surfboards are manufactured using an open moulding technique, which consists 
of a custom-shaped foam inner core enclosed by numerous layers of fibreglass and resin. These 
techniques result in lengthy and expensive manufacturing processes. Revolutionising the 
manufacturing process could be achieved by incorporating the advancements in digital 
fabrication techniques with a closed moulding system to optimise the product during all stages 
of manufacture.  The conventional surfboard manufacturing technique and the proposed 
manufacturing technique are shown in the flowcharts below. 
 
 
 
 
Figure 1: Conventional and proposed surfboard manufacturing techniques 
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1.2. Problem 
Currently the only way to produce high quality surfboards is by hand, with many processes 
involved in the design and manufacturing stages. These processes consist of hand shaping the 
foam core to a custom design and hand applying a composite material and resin. The final 
production step consists of finishing and polishing the surfboard by hand to obtain a smooth 
finish. These processes result in large expenses due to high labour and man-hour requirements. 
An additional disadvantage to this technique is the introduction of human error, which often 
results in material wastage and inconsistent properties from surfboard to surfboard.  
 
These manufacturing processes are often altered based on the surfboard shapers sense of touch 
and result in the mechanical properties of a surfboard being nearly impossible to reproduce. 
Currently, quantifying surfboard performance relies solely on the feeling a surfer experiences 
by using it. It is due to the hand-made nature of surfboard design that surfboards are difficult to 
replicate. 
 
Whilst closed moulding techniques such as vacuum bagging have been used for surfboard 
manufacture, there is limited exposure to more modern closed moulding and digital fabrication 
techniques in the surfing industry; the use of these techniques could prove beneficial in 
improving all stages of the manufacturing process. 
 
1.3. Aim 
The main aim of this project is to develop a closed mould system to revolutionise the surfboard 
manufacturing process and ultimately reduce costs associated with conventional manufacturing 
techniques. A subsequent aim is an attempt to accurately replicate the mechanical properties of 
a surfboard using the devised manufacturing method and suitable testing apparatus, which will 
allow for mass production of a particular shape and style of surfboard. 
 
1.4. Motivation 
The motivation for the project is the development of a novel closed mould manufacturing 
technique that would improve existing manufacturing techniques and explore unknown areas 
associated with surfboard design.  
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This project is expected to contribute to: 
 Surfboard shapers – The use of a closed moulding technique is expected to reduce costs 
and labour requirements experienced with conventional manufacturing methods. A 
closed mould should result in reduced material wastage and contain the fumes and 
Volatile Organic Compounds (VOC’s) released by resin and sanding of materials, 
instead of the shaper being subjected to them. 
 Surfers – There is currently no possible way of accurately replicating a surfboard design. 
If the devised manufacturing technique is successful, it is expected that surfers will have 
the option to be able to replicate their surfboard or a surfboard used by a professional 
surfer. 
 The surfing industry – The closed moulding technique will result in increased surfboard 
production rates and is expected to produce high quality surfboards at a lower cost than 
hand-shaped versions. This is expected to appeal to a broader demographic and increase 
the popularity of the sport. 
 The environment - The containment of VOC’s and reduced resin and material wastage 
will result in a more eco-friendly manufacturing process. 
 
1.5. Scope 
The scope of work for the project includes the following: 
 Develop a novel closed mould design appropriate for surfboard manufacture. 
 Use digital fabrication techniques to aid in the replication of an existing surfboard 
design. 
 Perform testing on the original surfboard to obtain mechanical properties. 
 Determine if the manufactured design exhibits the same properties as the original 
design.  
 
The following are outside of the scope of the project: 
 The use of eco-friendly materials for manufacturing the mould and the surfboard. 
 Real-world surfboard testing and data collection.  
 Marketing of the manufacturing technique. 
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2. Literature Review 
The literature review will explore the sport of surfing, the popularity and financial impact of 
the sport, the materials and manufacturing techniques associated with producing a surfboard 
and the possible digital fabrication techniques that can be used to accurately replicate designs.  
 
2.1. Surfing and Surfboard Design 
The sport of surfing first originated in the early 1960’s and has gained popularity on a global 
scale ever since. Surfers are defined as those who ride the surf or waves on a board designed 
for the purpose, and are further classified based on the wave size being ridden and the style in 
which the surfing is performed. An important piece of equipment required for the sport is the 
surfboard. Modern surfboards usually range from 1.5 m to 3.0 m in length, and weigh between 
2.5 kg to 5.5 kg. Important performance aspects are considered at all stages of surfboard design, 
for example, to maintain stability a surfboard is weighted and to make tight turns a surfboard is 
shorter (Surfboards Direct, 2016). The basic layout of a surfboard is shown below: 
 
 
 
 
2.2. The Social and Financial Impact of Surfing 
The Economist website (www.economist.com) estimates the number of surfers worldwide to 
have grown from 26 million in 2001 to 35 million in 2011. It is estimated that there are 3.3 
million surfers in the United States and an estimated 2.2 million surfers in Australia (Wagner, 
Nelsen, & Walker, 2011).  
 
There are signs that the sport of surfing will continue to grow, whilst it is difficult to provide 
exact economical figures regarding the size of the industry, there are various estimates. The 
Statistic Brain web site (www.statisticbrain.com) reports that the worldwide surf industry 
revenue was US$6.24 Billion in 2010.  Global Industry Analysists, Inc. has released a report 
Figure 2: Surfboard layout (LearnSchool, 2016) 
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detailing the impact surfing has had on the global economy, and expects the surfing industry 
revenue to reach US$13.2 billion by 2017 (Gee, 2014).  
 
It has been estimated that the USA and Europe account for a major share of the global surfing 
market revenues. Of these two continents, surfers in the USA are said to contribute at least 
US$2 billion to the national economy annually. A popular surfing location known as Mavericks, 
in California, contributes US$23.9 million to the local economy annually. A well-known 
surfing location in Spain, known as Mundaka, is estimated to contribute approximately US$4.5 
million to the local economy each year(Surfer Today, 2012).  
 
In Australia, it is reported that the Gold Coast surf industry contributes AU$3.3 billion to the 
Gold Coast economy annually. Due to this, there is a requirement for approximately 21,000 
people to be employed (Gold Coast City Council, 2016). In Victoria in 2014, it was believed 
that the total contribution of surfing to the Surf Coast Shire economy was AU$1.79 billion 
annually (AEC Group, 2014). 
 
The popularity of surfing has increased due to it becoming more affordable, easier to learn and 
a fashion trend. There has been a continued growth of surf schools which results in an increase 
in manufacturer demands. Global Industry Analysists, Inc. list the primary driver for this growth 
as the “initiative being taken by surfing equipment makers, marketers and associations in 
making surfing much more accessible to a broader demographic” (Gee, 2014). Surfing is also 
expected to expand through the introduction of mentoring programs, grants, incentives and in-
land water parks(Surfer Today, 2012). 
 
2.3. Surfboard Materials 
Surfboards are most commonly constructed from a foam core incorporating a central wooden 
stringer for increased strength. An outer skin is bonded to the foam using an adhesive or resin. 
This skin is used to limit water ingress into the foam core, increase the surfboard strength and 
provide the final finish of the surfboard.  
 
It is important to consider the stresses acting on a surfboard during operation. These stresses 
are often of a shear nature, and are further elevated due to the use of a foam core as a sandwich 
panel. As such, the tensile strength of the surfboard is largely governed by the density of the 
foam, although the cellular structure and matrix have a small contribution. The surface area at 
any cross section determines the shear strength, and stress crack propagation can occur if the 
foam matrix is not sufficiently fused (Doran & Cather, 2013). 
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A surfboard also experiences bending stresses due to the weight of the surfer and the forces 
caused by the wave, resulting in the top skin and foam experiencing compressive forces. This 
can lead to de-lamination of the composite material from the foam. It is recommended that the 
strength of the bond between the composite skin and the foam core be stronger than the forces 
caused from compression, otherwise stress crack propagation could occur which could result in 
water ingress into the foam core (Doran & Cather, 2013). 
 
2.3.1. Foam Core 
The foam core of a surfboard can be mass-produced using computer or user controlled 
machinery, or hand-shaped to the customer’s specifications. The most common types of 
surfboard foam are Polyurethane (PU), Polystyrene (PS) or Expanded Polystyrene (EPS) foam 
(SurfScience, 2016).   
 
The advantages and disadvantages of these foams are shown in Table 1:  
Table 1 : Advantages and disadvantages of conventional surfboard foam 
Foam Type Advantages Disadvantages 
PU  Easily Shaped – fine and brittle 
 Lightweight 
 Easy to repair 
 Highly toxic 
 Non-Renewable 
 Petroleum Based 
PS  Recyclable 
 Readily Available 
 Lightweight 
 Weaker than PU 
 Polyester Resin dissolves foam 
 Labour intensive shaping process 
EPS  Very Lightweight 
 Reduced deterioration over time 
 Does not yellow as easily as PU 
 Difficult to hand shape 
 Prone to absorb water 
 Polyester Resin dissolves foam 
 
The manufacturing of conventional foam, in particular when recycling PS and EPS, often 
results in changes to the foam’s mechanical properties. To overcome this, a manufacturer White 
Hot, have created a specialised EPS foam bead known as SS-EPS which is used specifically for 
Figure 3: Forces acting on a surfboard (Doran & Cather, 2013) 
7 
 
surfboard blanks (Renstrom, 2007). The manufacturing process is performed within strictly 
controlled time, volume and pressure parameters that results in uniform material properties. 
 
Over the past two decades, there has been a push to increase the use of biodegradable foams in 
surfboard design. This is attributed to the majority of hand-shaped surfboards being constructed 
from Polyurethane, which is manufactured from petroleum-based products. Tecniq LLC and 
Synbra BV, created the “world’s first certified 100% biodegradable and 99% bio-based 
surfboard foam”, known as BioM. BioM utilises expanded polymerised sugarcane bagasse and 
is said to result in an ultra-lightweight, waterproof, colourfast and less toxic surfboard (BioM, 
2016). 
 
2.3.2. Skin/Fibre 
The traditional fibre used in surfboard manufacture is fibreglass. The most common type of 
fibreglass used is plain weave E-Glass. Plain weave is the cheapest, tightest, least pliable and 
least likely weave to fray during the moulding process. Due to these characteristics, it is more 
suited to less complex curves. Twill weave and satin weave result in a more flexible cloth, and 
are able to conform around bends and corners more easily. Twill weave is often used where 
aesthetics is important (Barbero, 2011). 
 
 
 
The strength of the fibre depends on the material it is comprised of, the fibre direction and the 
weave pattern. An increased amount of layers results in a surfboard which is stronger and resists 
snapping and dents caused by compression.  These layers can be placed in locations where large 
forces are generated, or where greater strength is required (Barbero, 2011).  
 
Whilst fibreglass is able to provide the required properties for surfboard use, there has been an 
increase in the use of more modern, stronger and eco-friendly materials over the recent years. 
These materials can be used to cover the entire surfboard, or as strengtheners in pre-determined 
locations. Examples include Carbon Fibre, Kevlar and other revolutionary materials. 
 
Figure 4: Fibre weave patterns 
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Guy Takayama, a surfboard manufacturer, uses a hand-shaped foam core, bonded to separate 
carbon fibre and Xeon fibreglass sheets. This design incorporates fibreglass stringers and a PVC 
shell where the surfboard is subjected to large forces (Guy Takayama Designs, 2016). 
Table 2 lists the properties of common surfboard fibres: 
Table 2: Composite fibre properties (Colan Composites, 2013) 
Fibre Type Density 
(𝒎𝒈/𝒎𝟑) 
Young’s Modulus 
(GPa) 
Tensile Strength 
(MPa) 
Maximum Elongation 
(%) 
E-Glass 2.54 72 3400 4.8 
S-Glass 2.46 87 4600 5.4 
Kevlar 1.45 124 3600 2.0 
Carbon Fibre 1.76-1.80 235-338 2480-3500 0.5-1.2 
 
In addition to conventional fibres, materials such as Basalt fibre, and natural fibres, including 
plants such as flax, jute, bamboo, coconut and hemp have been considered for surfboard 
manufacture (Mohantya et al, 2000). 
 
2.3.3. Resin 
There are two types of resin used in conventional surfboard manufacture, namely polyester 
resin and epoxy resin. Polyester resins are composed of three types of compounds - dicarboxylic 
acids, glycols and monomers. Polymer chains are formed when the acid and glycol are heated 
which react to form a polyester. Polyesters are solid in raw form, and require a monomer such 
as styrene to liquefy the resin. The liquefied resin is used with a peroxide catalyst to accelerate 
the curing process (Golding, 1959). 
 
An epoxy is a thermosetting polymer resin consisting of one or more epoxide groups. There are 
two primary types of epoxies, namely glycidyl epoxy and non-glycidyl epoxy. One of the most 
common glycidyl epoxy resins is created using Bisphenol-A (BPA), which is often used in 
surfboard manufacturing. This resin is synthesised in a reaction with epicholrohydrin and 
hardened using a curing agent, requiring ratios of 1:1 or 2:1. Epoxy resins allow for different 
epoxy resins to be blended in to improve mechanical properties based on the desired purpose 
(Golding, 1959). 
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A comparison of these resins is shown in Figure 5: 
 
 
Figure 5 shows that Epoxy resin is the favourable choice for use in the marine industry due to 
its improved properties and performance. However, according to Hydroflex Technology, small 
surfboard manufactures are not willing to spend “two to three times more money” to improve  
their current surfboards as they believe the market is not large enough for them to profit from 
it (Ciesco, 2013).  
 
The mechanical properties of these two resins are listed in Table 3: 
Table 3: Resin properties (Reis & Jurumenh, 2011) 
Resin 
Type 
Density 
(𝒈/𝒎𝟑) 
Heat Distortion 
Temperature 
(°𝑪) 
Youngs 
Modulus 
(GPa) 
Maximum 
Elongation 
(%) 
Tensile 
Strength 
(MPa) 
Flexural 
Strength 
(MPa) 
Polyester 1.09 85 3.3 1 40 45 
Epoxy 1.16 100 5.0 4 73 60 
 
In addition to these resins, the use of vinyl ester resins could be considered for surfboard 
manufacture. Vinyl ester resins are produced by the esterification of epoxy resins and α-β 
unsaturated carboxylic acids. These resins are thermosetting, and are often used in sewerage 
pipes, structural automobile parts and marine composites. They offer good chemical and 
corrosion resistance, high heat resistance and favourable mechanical properties (Astrom, 1997).  
 
2.4. Composite Closed Moulding Techniques 
There are numerous closed moulding techniques which are applicable to surfboard 
manufacture, detailed below. 
 
Low Cost
Good Adhesion
Resistance to Micro-
Cracking
Low Curing
Shrinkage
Susceptibility to
Osmosis
Fatigue Resistance
Degradation From
Water Ingress
Low Environmental
Impact
Ease Of Application
Low Toxicity
Epoxy
Polyester
Figure 5: Resin property comparison 
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2.4.1. Compression Moulding 
Compression moulding is often used for the manufacture of high-volume complex composite 
parts. This process incorporates matched metal dies which are mounted in a hydraulic moulding 
press. These dies are heated to a specified temperature, a charge is added, the mould halves are 
closed and a large pressure is applied. This process generally requires a cycle time ranging from 
one to five minutes, depending on part size and thickness. Features such as ribs, bosses and 
inserts can be incorporated into the mould. Compression moulded fibreglass parts are 
characterised by having excellent finished surfaces and good repeatability from part-to-part 
with minimal trimming and finishing costs required (Molded Fibreglass Companies, 2016). 
 
 
 
Research has been conducted by Procedia Engineering for the use of this process in the 
Aerospace industry. There has been an increase in the development of composite technologies 
and improvement of existing manufacturing processes due to the requirements for new aircraft 
to be innovative, cost-effective and light weight. One possibility exists for the introduction of 
this manufacturing technique with the combination of carbon fibre and pre-impregnated fibre 
sheets, in a compression and curing process, resulting in a thermoset composite which can 
incorporate metal panels and components into the manufacturing process. Compression 
moulding is said to increase reproducibility, production rates, automation and ecological 
sustainability at lower costs (Wulfsberg, Herrmann, Ziegmann, & Lonsdorfer, 2014). 
 
2.4.2. Vacuum Bag Moulding 
Vacuum bag moulding is a technique used to remove entrapped air during the moulding 
process. The laminated component is enclosed by a non-adhering polyvinyl alcohol or nylon 
sheet. Once the sheet is sealed around the edges of the mould, a vacuum is drawn on the bag 
formed by the film. The vacuum enables the bag to apply even pressure to the laminate 
component during curing, which is usually performed at room temperature, however this 
process can be performed at elevated temperatures to accelerate curing (Engineers Handbook, 
2006). 
 
Figure 6: Compression moulding process (Moldex 3D, 2016) 
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Compared to hand lay-up, vacuum bag moulding results in higher reinforcement content, 
improved adhesion between laminate layers and a greater control of resin/glass ratio. An 
important point to note is that the pressure applied during vacuum bag moulding cannot exceed 
98kPa (Akovali, 2001). 
 
2.4.3. Pressure Bag Moulding 
Pressure bag moulding is a similar process to vacuum bag moulding, however, it allows for 
pressures of up to 345kPa to be used. Pressure bag moulding relies on pressure being applied 
to a rubber bag or sheet that covers the mould. This allows for excess air and resin to be removed 
and increases the fibre content, which ultimately results in improved fibre/resin consolidation 
compared to vacuum bagging. This process is limited to the type of mould that can be used - it 
is a requirement that the mould consists of split halves or one female half in order to allow the 
bag to accurately form to the mould contours. Pressure bag moulding is often used to produce 
pre-impregnated high quality components such as wind turbine blades (Hollaway & Federation, 
1994). 
 
 
2.4.4. Autoclave Moulding 
Autoclave moulding is a combination of pressure bag moulding and vacuum bag moulding. An 
autoclave is a heated pressure vessel, comprised of vacuum systems into which the bagged lay-
up of the mould is taken for curing. This method is performed at a high temperatures and 
pressures. Due to this, cure times normally involve many hours and result in products that are 
void-free and of greater density (Vaidya, 2011). 
 
Autoclave moulding is widely used in the Aerospace industry to produce parts such as aircraft 
wings, rudders, fuselage bodies and interior components, as the process produces parts with 
high strength-to-weight ratios. This manufacturing method is currently restricted due to large 
expenses associated with equipment and curing times. It is rarely used outside of the Aerospace 
industry however, high performance applications in the automotive industry have started to 
Figure 7: Pressure bag moulding process (Hollaway & Federation, 1994) 
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incorporate this manufacturing technique into their products. Red Bull Racing and McLaren 
Racing use autoclaves to produce panels for their Formula 1 race cars, the majority of these 
panels are constructed from carbon fibre and are vacuum bagged prior to being cured at high 
pressures and temperatures (Varbanov, 2012). 
 
2.4.5. Resin Transfer Moulding (RTM) 
RTM is a closed mould technique performed within an enclosed cavity. RTM uses two rigid 
matched moulds which are clamped together before resin is transferred. The dry composite 
material and product core (if required) are placed by hand or robot into the bottom section of 
the mould. Once the halves are successfully clamped, resin is catalysed and injected into the 
mould under pressure by a pumping unit until the resin reaches the air vents, the part is then 
left to cure in the mould (Nuplex Composites, 2016). 
 
The manufacture of sandwich structures, such as surfboards, using RTM requires careful 
planning. This construction, consisting of two skins, provides at least two possible paths for 
resin to flow between the vents and the injection gate. This could result in one vent becoming 
sealed leaving air trapped between the vent and the second flow front (Rudd, 1997). In order to 
overcome this, it is necessary to place the vents at the highest point of the mould, and rely on 
gravity to assist in the flow of resin, as shown in Figure 8: 
 
 
 
 
RTM can be an automated process and is therefore capable of rapid production cycle times, 
resulting in lower costs compared to other closed mould techniques for the same production 
rates. The curing of resin can be accelerated by heating the mould which results in reduced resin 
viscosity and shorter impregnation times, reduction in post-curing operations and improved 
surface finish due to improved resin shrinkage control (Rudd, 1997). 
 
Figure 8: RTM process (Nuplex Composites, 2016) 
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2.4.6. Vacuum Infusion Processing (VIP) 
VIP is a moulding technique used to infuse resin into a laminate whilst under a vacuum 
pressure. The composite material is laid dry into a mould and a vacuum is applied using a 
vacuum bag on one surface, once complete vacuum is acquired, the resin is drawn from a 
container (which is also under vacuum) and directed over the laminate through a number of 
carefully placed tubes. This process results in reduced resin usage and often results in more 
consistent amounts of resin being used. VIP produces parts that exhibit low weight, high 
strength and optimised fibre-to-resin ratio. VIP results in a cleaner resin application process, as 
excess resin returns under vacuum to the container in which it is fed from (Schwartz, 2002). 
 
VIP requires specialised tooling such as vacuum tubes and resin inlets, with placement of the 
tubes varying for different moulds. In addition to the complicated set-up process, if air is 
introduced into the system due to a leak, there is an increased chance that the entire part could 
be ruined due to resin pooling, under-saturation or complete stoppage of resin flow (Van 
Paepegem, 2016). 
 
2.4.7. RTM Light (LRTM) 
LRTM is a process similar to both RTM and VIP, however it uses one female rigid mould with 
a light semi-rigid male mould. Once the dry fibre and a core are placed in the mould, the moulds 
are sealed using a vacuum and resin is injected under vacuum pressure. LRTM is a cheaper 
alternative to RTM and VIP, due to the reduced tooling costs associated with the semi flexible 
upper mould half. LRTM reduces labour costs, and results in consistent material usage, good 
surface finish for both surfaces and dimensional stability of the final product. LRTM results in 
reduced Volatile Organic Compound (VOC) emissions, due to the process occurring within a 
vacuum (Rudd, 1997). 
 
2.4.8. Rotational Moulding (Rotomoulding) 
Rotomoulding is a manufacturing process used to create hollow plastic objects. It is performed 
at high temperatures and low pressures and utilises bi-axial rotation to coat the inside of a mould 
with a melted polymer. In order for this process to work, a polymer powder or resin is placed 
inside a hollow mould. The mould is then sealed and placed in an oven where it is heated and 
rotated at slow speed. After a pre-determined time, the mould is removed from the oven and 
cooled by air or water (Crawford, 1993).  
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Figure 9: Principle of Rotomoulding (Crawford, 1993) 
 
A paddleboard manufacturer, Liquid Shredder, manufacture stand up paddleboards using 
rotomoulding. These paddleboards are constructed from a hard polyethylene shell, and offer 
good floatability and UV resistance (Liquid Shredder, 2016). 
 
Rotomoulding is a process that requires tight tolerances as extended heating during the rotating 
process can cause degradation of the polymer. Rotomoulding requires the provision for a small 
amount of shrinkage to enable the product to be removed from the mould, often resulting in 
parts which portray different mechanical properties (Crawford, 1993). 
 
2.5. Conventional Surfboard Manufacturing Techniques 
Several design considerations are incorporated into the surfboard manufacturing process. The 
length, width, thickness, contours and materials of a surfboard vary according to the size, 
experience and style of the surfer.  
2.5.1. Hand Shaped 
Conventional surfboards are manufactured by hand. The manufacturing process is summarised 
as follows (360 Guide, 2015): 
 
 
This process results in a surfboard that is unable to be accurately replicated. This process and 
these materials are still the most common and dominant manufacturing method in the surf 
Figure 10: Hand-shaped surfboard manufacturing process (360 Guide, 2015) 
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industry. It has been estimated that over three quarters of a million surfboards are produced by 
hand each year (Hines, 2004) 
 
2.5.2. Machine Shaped 
Machine shaped surfboards are becoming more common and are generally used for mass 
production of surfboard foam cores. This method utilises Computer Aided Design (CAD) and 
Computer Numerical Control (CNC) machinery to manufacture blank foam cores, with final 
shaping performed by hand. Once this process is complete, the surfboard receives the same 
hand-laid fibreglass and resin application process as in a hand-shaped surfboard. The company 
H1 Surfboards use this manufacturing technique, as they believe that hand-shaping limits the 
amount of surfboards that can be produced. H1 surfboards estimate they sell 5000 machine 
shaped surfboard per year (Bryson, Clark, & Vanchan, 2015).  
 
AKU Shaper, an Australian based machine manufacturer, supplies dedicated software and 
machinery to produce surfboards. The software includes a 2D surfboard editor which allows 
the shaper to customise the surfboard design before production begins (AKU Shaper, 2016).  
 
 
 
Precision Shaper, a surfboard CNC machine manufacturer, developed a CNC shaping system 
to allow for retrofitting various shape foam blocks. The produced blanks are provided to shapers 
who refine the foam shape before using conventional hand shaping techniques to finish the 
surfboard. This machine is belt driven and results in consistent performance to reduce lead times 
(Precision Shaper, 2015). 
 
However, the initial outlay for shaping machines and the technological requirements needed to 
operate the system do not appeal to the majority of hand shapers. Machine shaping also relies 
on the placement of the foam by hand, and accurate measuring is often not performed prior to 
the machining process. This can result in misalignments of the foam blank in relation to the 
stringer (Bryson, et al., 2015). 
Figure 11: AKU shaper machine (AKU Shaper, 2016) 
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2.5.3. Moulded/Pop Out 
Moulded or Pop Out surfboards are aimed at beginners and for mass production. Pop Out 
surfboards are manufactured by applying fibreglass and resin or a plastic to the inside of a 
female mould which comprises of two halves. The halves are brought together before liquid 
polyurethane foam is injected into the mould. Once expanded, and the  foam has set, the mould 
is removed and the join where the mould is split is hidden by the use of waterproof tape (360 
Guide, 2015). 
 
These surfboards are cheap, durable, heavy and resist damage well. There is very little quality 
control during manufacture resulting in surfboards that exhibit very different properties even 
though they have been manufactured from the same mould. It is believed that Pop Out 
surfboards have had a large negative impact on hand shapers due to increasing mass production 
(360 Guide, 2015). 
 
Global Surf Industries (GSI) are a world renowned Pop Out surfboard manufacturer and believe 
that they are using the improvements in technology to produce surfboards with improved 
properties. GSI “hand shape and rigorously test, fine-tune and re-test” prototype surfboards 
before they are mass produced (Butler, 2011).  
 
2.6. State-of-the-Art Surfboard Technology 
2.6.1. Firewire Technology 
Firewire Technology incorporates the stringer into the rails of the surfboard. This method 
results in a lightweight surfboard that shows improved resistance to compression compared to 
conventional surfboards; the rails are able to absorb a lot more pressure and impact, and the 
repositioning of the stringers further correspond to an increase in flex (Firewire Surfboards, 
2016). 
 
The majority of Firewire surfboards are manufactured using EPS foam, with a 1-3mm layer of 
high-density composite material to increase strength. An epoxy resin is used to adhere the fibre 
to the foam, and the rails are made using balsa wood or carbon rods. These surfboards are 
modelled on designs used by professional surfers and are therefore more expensive and limited 
in design choices (Tactics, 2016). 
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Figure 12: Firewire surfboard technology (Firewire Surfboards, 2016) 
 
 
2.6.2. Tuflite, Tekefx and Advanced Surftech Technology (AST) 
Tuflite is the name given to an epoxy sandwich surfboard that utilises a low-density EPS core, 
woven E-glass and an outer layer of PVC foam sheet. The fibreglass is soaked with epoxy resin 
before being laid over the foam core, PVC sheet is laid over the fabric, followed by a final ply 
of woven fiberglass. The surfboard is compression moulded at approximately 71°C for two 
hours. Tuflite technology results in tough and lightweight surfboards, with high performance 
and good durability. These surfboards are generally more buoyant than a surfboard 
manufactured using polyester resin, but also exhibit very stiff flex patterns. Due to this, they 
are difficult to control and react abruptly to changing wave patterns. Surfboards that incorporate 
Tuflite technology are more expensive than traditional foam and fibreglass surfboards (360 
Guide, 2015).  
 
TEKefx surfboards are manufactured using a similar compression moulding technique, 
however the main difference is that TEKefx incorporates a bamboo veneer laminated between 
numerous layers of fibreglass. This is said to result in a surfboard which is scratch resistant and 
visually appealing (Surftech, 2016).  
 
The AST manufacturing technique incorporates a water-resistant fused-cell foam core and a 
pressure heat-moulded fibreglass skin. This technique utilises a wooden reinforcement in the 
standing area for improved strength and resistance to compression (Surftech, 2016). 
 
2.6.3. NSP Cocomat Technology 
Cocomat is a technology patented by a surfboard manufacturer NSP. This technique 
incorporates a specialised EPS foam core enclosed in natural Coco-Fibre laminate. It is 
manufactured using vacuum bagging with a clear epoxy resin. The surfboard is finished using 
a clear, fluid matt performance skin. In addition to the eco-friendly benefits of this process, 
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Cocomat is light-weight and shows improved strength compared to man-made fibres (NSP 
Surfboards, 2016).  
 
 
 
Figure 13: NSP Cocomat schematic (NSP Surfboards, 2016) 
 
2.6.4. Salomon S-Core Technology 
Salomon’s S-core construction utilises a carbon fibreglass frame which provides high stiffness 
and strength. Three Polypropylene foam stringers are affixed to the frame to provide support 
and dampening. A 4oz fibreglass cloth and layer of EPS foam are then hand-laid over the frame. 
The surfboard is then shaped by hand, before being hand-finished using fibreglass and epoxy 
resin. S-Core technology is said to result in a surfboard which is lighter, more durable and 10% 
stronger than a conventional surfboard (360 Guide, 2015). 
 
 
Figure 14: Salomon S-Core technology (Sel Surf Technologies, 2004) 
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2.7. Digital Fabrication Techniques 
2.7.1. 3D Scanning 
3D scanning is a process that measures dimensions of an object in the physical world using 
lasers, lights or x-rays, resulting in the generation of dense point clouds. There are two types of 
3D scanners currently available, namely contact and non-contact digital scanners (Rapidform, 
2016).  
 
Contact scanners incorporate a 3D probe that contacts the surface of the object and records a 
number of points. The scanner uses these points to digitise the object and turn it into a model 
that can be used in 3D software. These scanners are not recommended for delicate shapes as 
the contact could damage the object. Contact scanners are also slow in comparison to non-
contact scanners  (Mongeon, 2016). 
 
Non-contact scanners do not require physical contact with the object and can be further 
classified as active and passive scanners. Active non-contact scanners emit radiation or light 
and detect the reflection from an object or environment. These scanners are capable of operating 
over long distances and as a result of this they lose accuracy. Non-contact passive scanners rely 
on detecting the reflected radiation emitted from objects or environments. These scanners 
require visible or infrared light to operate and are a cheaper alternative to other forms of 
scanners due to their reduced hardware requirements (Yu, Lu, Luo, & Wang, 2011).  
 
Once point clouds are created they are extrapolated to reconstruct the object in the form of a 
polygon mesh using suitable computer based software. A polygon mesh is a collection of faces, 
edges and vertices that consist of triangles, quadrilaterals or other complex polygons. These 
meshes define the object in a 3D space and enable the object to edited, reconstructed or modified 
for further applications (Yu, et al., 2011). 
 
 
 
Figure 15: 3D scanning process (Mings, 2009) 
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2.7.2. Computer Numerical Control (CNC) Machining 
CNC Machining is a process that involves the use of computers and specialised software to 
control machining tools, such as routers, mills, grinders and lathes. CNC machines precisely 
control tools using numerical methods, with a machine language known as G-Code. This code 
controls feed rate, location, speeds and complete co-ordination of the tool in relation to the part 
being manufactured. CNC Machining is more precise and able to produce much more complex 
parts than manual machining, with accurate replication possible (Altintas, 2000). 
 
The majority of CNC machines operate on a closed loop servo-mechanism principle, which use 
position and velocity feedback from a number of digital or analogue transducers. These systems 
incorporate a sensor which senses the component position as it moves, and adjusts for any errors 
accordingly via a feedback loop (Mattson, 2009).  
 
CNC machines operate on a rectangular co-ordinate system, which describe the component 
location based on distances from the origin. Three-axis CNC machines are capable of operating 
in the XY, XZ and YZ planes to enable curves and smooth edges to be machined. Four and 
Five-axis machines provide multiple-axis control of the tool, allowing for complex parts to be 
created. This is often performed with tilting of the table or work-piece (Madison, 1996). 
 
 
 
In addition to conventional CNC machines, robotic CNC machines are available which operate 
on a six-axis co-ordinate system. These machines are versatile and reliable, and can machine 
complex parts on both sides without the removal of the work-piece. KUKA manufacture robotic 
CNC machines that can be floor or ceiling mounted. More than one machine can be 
synchronised to work together to reduce labour requirements and increase productivity (KUKA 
Robotics, 2016).   
Figure 16: CNC co-ordinate system (Madison, 1996) 
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2.7.3. 3D Printing 
3D printing is an additive manufacturing process that constructs a solid part layer by layer from 
a 3D model. The majority of 3D printers operate using G-Code and utilise specialised materials 
in the form of powder, resin, pellets or filaments (Oropallo & Piegl, 2016). 
 
The most common forms of 3D printing are selective binding, selective solidification and 
selective deposition. Selective binding creates a 3D object from a powder by applying heat or 
binding agents which results in the powder fusing. Layers of powder are fused to a platform 
additively until the object is built up. Selective solidification creates an object from a vat of 
liquid and applies energy in selective locations to solidify the liquid until the object is created. 
Selective deposition creates a solid object by depositing material in a selected location in 3D 
space. This process is used with filament-based 3D printers which melt a filament and place it 
on a platform, increasing layers until the object is created (Horvath, 2014). 
 
3D printing is often used for prototyping as single complex parts can be manufactured for 
testing purposes. 3D printing is a relatively new technology and there are many more 
considerations to take into account when designing objects compared to conventional 
manufacturing techniques. The material used in the printing process has to be compatible with 
the printer which might restrict the design and resulting surface finish. The cost of 3D printing 
is also expensive in comparison to conventional manufacturing techniques, this is mostly 
attributed to expensive tooling requirements and setup costs. In addition to the costs associated 
with 3D printing, the size of the printed object is limited by the machine dimensions (Oropallo 
& Piegl, 2016).  
 
3D printing is currently recognised in the surfing industry with 3D printed fins being 
manufactured by a Dutch design company, Westkust Surf. 3D printed fins are manufactured on 
demand, reducing costs associated with over-production and transport. The advancements of 
these techniques show promise to the surfing industry due to the potential for customisation and 
rapid fabrication (Westkust Surf, 2016). 
 
 
Figure 17: 3D printing a surfboard fin (Westkust Surf, 2016) 
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3. Current State of Technology 
A surfboard was obtained from D’Arcy Surfboards, a surfboard manufacturer located on the 
Gold Coast in Australia who specialise in the manufacture of custom shaped surfboards. Prior 
to the commencement of the mould design, a factory tour was organised in order to gain an 
understanding of the labour-intensive techniques associated with conventional surfboard 
manufacture. 
 
In addition to the process outlined in Section 2.5.1, Figure 18 illustrates the various processes 
used by D’Arcy Surfboards to manufacture a single surfboard.  
 
 
Figure 18: D'Arcy Surfboards manufacturing technique 
 
The majority of processes were performed using hand techniques, with the exception of the 
manufacture of the surfboard blank which was machined using a special-purpose CNC 
machine. Whilst this improves the efficiency of the manufacturing process, it was still necessary 
for the foam blank to be sanded by hand to the final shape prior to the application of composite. 
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In addition to the manual labour requirements, it was observed that the workers were subjected 
to toxic dust and VOC emissions from sanding polyurethane foam and applying epoxy resin. 
Whilst the use of Personal Protective Equipment (PPE) reduces the severity of these issues, 
there is still a desire for a more sustainable manufacturing process. 
 
The hand application of resin showed significant material wastage, highlighted in Figure 19 by 
the resin covered drip cloths and the resin containers showing the unused, cured resin below 
each station. 
 
 
Figure 19: Wasted resin during composite application 
 
 
Through continued research and conversations with industry professionals, it was apparent that 
there are no methods currently available to accurately replicate a surfboard design whilst 
reducing the exposure to VOC emissions. Furthermore, there are currently no testing techniques 
used to determine and compare mechanical properties of surfboards. These observations laid 
the foundations for the scope of this Thesis. 
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4. Development of a Novel Closed Mould Design 
Throughout the mould design process, focus has remained on ensuring accuracy. In order to 
reduce the chance of human error, the use of various forms of digital fabrication techniques 
were proposed. These techniques were performed using state-of-the art equipment located at 
The University of Queensland, St Lucia (UQ). 
 
An important consideration given to closed mould design is the joint where both parts of the 
mould meet. Due to the nature of surfing, it is a requirement that the rails exhibit high strength 
due to being subjected to large compressive forces (Doran & Cather, 2013). This is 
conventionally obtained by overlapping fibreglass around the edges of the foam core, however 
in a closed mould this cannot be performed easily. Two-part moulds can result in pinching and 
wrinkling of the fibre where the two moulds are pressed together, in the case of a surfboard this 
point occurs exactly on the outer edge of the rails which creates weak spots that require labour-
intensive post-moulding processes to alleviate them. In addition to this, it is difficult to drape a 
composite fibre around curves in a closed mould (Bickerton, Šimáček, Guglielmi, & Advani, 
1997). To overcome these complications, a novel four-part mould was devised. This design 
consists of a lower mould for the bottom of the surfboard and a three-part upper mould for the 
deck. Each rail would be completely enclosed by an individual mould section, which is believed 
to result in the fibreglass remaining affixed to the foam core when closing the mould sections.  
 
The mould is designed using the shape of the existing surfboard as a negative. This is referred 
to from herein as the ‘plug’. The surface of the plug defines the finish of the moulded part. 
Flanges (perpendicular to the parting plane of symmetry) were required to clamp and bolt 
sections together and create a new surface for materials to be moulded against. 
 
The overview of the mould design and manufacture process is shown in the flowchart provided 
in Figure 20, with further details provided in the sections that follow. 
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Figure 20: Mould design and construction overview 
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4.1. 3D Scanning 
A 3D scan of the surfboard was obtained using a Faro ScanArm operated by the UQ 
Engineering Faculty Workshop Group. This is a seven-axis contact/non-contact 3D scanner that 
utilises a fully integrated laser scanner to scan sections of large volume (FARO, 2016).  Detailed 
machine specifications are provided in Appendix I. 
 
Figure 21 shows the Faro ScanArm setup and the surfboard being scanned in real-time: 
 
 
Figure 21: Faro ScanArm used to obtain 3D geometry 
 
Due to the large volume of the surfboard, it was necessary to scan the deck and the bottom 
sections individually. The scanned data, in the form of a point cloud in the X, Y and Z planes, 
was aligned using best-fit approximations to create a single mesh. This mesh was further post-
refined using 3D Systems GeoMagic Studio 2014 software.  
 
Basic geometrical measurements were compared to this model, shown in Table 4. 
Table 4: 3D Surfboard Properties 
Property Hand Measurement 
(mm) 
3D Scan Measurement 
(mm) 
Difference 
(%) 
Length 1865.95 ±0.5 1861.62±25μm 0.23 
Width (at widest point) 471.55 ±0.5 467.35±25μm 0.89 
 
Whilst the maximum percentage difference is only 0.89% it significantly alters the accuracy of 
further processes that rely on the geometry obtained from the scan. The cause of the 
measurement variation between the 3D scan geometry and the measured dimensions is further 
discussed in Section 8.1.1.   
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4.2. CAD Development 
The proposed mould design was developed using Autodesk Inventor Professional 2017. The 
use of CAD allowed for a visualisation of the design before production started. 3D data was 
used to create drawings, export relevant file formats and produce machine code that could 
further be used with various digital fabrication techniques.  
 
The CAD model relied on the geometric data obtained from the 3D scan. The polygon mesh 
data was converted to a solid 3D model to allow it to be edited in CAD. The final model is 
shown below: 
 
Figure 22: Solid 3D surfboard model 
 
It was important to keep costs to a minimum throughout the duration of the project. It was 
therefore decided that the mould would be made from a combination of timber, gel coat and 
composite material. Materials have been selected for the 3D model from the Autodesk material 
library to show more detail and distinguish between parts, however they were not the same 
materials used in the actual manufacturing process. 
 
It was also necessary to create a support on which the surfboard could be placed in order to 
accurately create mould sections. It was important to ensure that the curved flange followed the 
contour of the surfboard at the centre of the rails, which is the outer-most point of the board. If 
this point was not determined correctly there would be an overlap in the joint around the mould. 
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Figure 23 illustrates the concept for the support and flange structure: 
 
 
Figure 23: Mould supports and support Structure 
 
Once the location of the outside edge was located and the surfboard was placed in the supports, 
the lay-up process was started. Timber supports were designed which spanned the length of the 
mould, these provide longitudinal and lateral strength once the surfboard was removed. The 
supports were designed with a flat base, to allow the mould to be turned over and placed on a 
flat surface for the remaining manufacturing processes.  
 
It was intended for the surfboard to remain in the mould until manufacturing was complete 
since any movement would potentially introduce error. Figure 24 shows material laid-up on the 
flange (shown in light brown), the lateral and longitudinal timber supports and the expected 
separation from the flange. 
 
 
Figure 24: Expected material use and flange separation 
 
The bottom mould was designed to be used as a new flange for the deck of the surfboard. This 
uses the same lay-up process as the bottom of the mould, however it is separated into three 
sections. Two of these sections enclose the rails, whilst the third section encloses the centre of 
the board. Each section mates up with another section through the use of a vertical flange that 
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spans the length of the mould. The vertical flanges are bolted together to ensure no movement 
occurs once the mould is separated. Once again it was important to strengthen the mould using 
wooden supports. Figure 25 shows the top section of the mould, the strengthening supports, the 
bolted flanges and the expected separation of the upper and lower flanges. 
 
 
Figure 25: Top view and expected flange separation 
 
The final mould design is shown in Figure 26: 
 
Figure 26: Final mould design  
 
As can be seen in the above figure, the outer shape of the surfboard is successfully moulded. 
When the upper and lower moulds are closed, there is a hollow section in-between these parts 
which accurately replicates the surfboard surface finish, shape and dimensions. 
 
Through the use of CAD, it can be seen that a four-part mould can successfully be created using 
the original surfboard as the plug. This visualisation highlighted important aspects required to 
successfully manufacture the mould in reality.   
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5. Physical Mould Development 
The physical mould development followed the same procedure as shown in the creation of the 
CAD model, however more processes were required due to the nature of moulding with 
composite materials. The CAD model neglected the following processes which are necessary 
for a successful physical mould: 
 The use of timber sealant. 
 The use of release agent. 
 The use of gelcoat. 
 The method of laying-up the composite material. 
 
5.1. Material Selection 
Materials were sourced internally from the UQ Composites Group wherever possible. This 
reduced costs and lead time associated with ordering of materials. For clarity, the selection of 
materials has been categorised into the following stages: 
Table 5: Material selection stages 
Stage Description 
One The construction of the curved flange that follows the surfboard contour. 
Two Sealing the flange. 
Three The manufacture of flange supports and a support base. 
Four The application of mould release agent. 
Five The application of gel coat. 
Six The initial lay-up of fibreglass and resin. 
Seven The final lay-up of fibreglass and resin. 
Eight The creation of structural supports. 
 
Stage One - Construction of the Curved Flange 
The flange was constructed using a single sheet of 3mm Medium Density Fibreboard (MDF).. 
It was important to choose a material that was flexible to allow it to bend to the curvature of the 
surfboard without cracking. It was also necessary to choose a material that was relatively easy 
to work with to allow for modification to the flange during construction (if required). 
 
Stage Two – Sealing the Flange 
Prior to the application of release agent, it was necessary to seal the MDF flange using a 
polyester sealing agent to ensure that permeation did not occur and cause it to swell. MDF is 
susceptible to swelling since it is a dry-processed fibreboard manufactured from compressed 
wood fibres, as opposed to conventional timber that is manufactured from veneers or particles. 
This sealing coat, or wash-coat, is used to seal the pores of the wood to provide a smooth, water-
tight surface for the remaining application of material (Wood Solutions, 2013).  
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Stage Three – Manufacturing Flange Supports and a Support base 
The flange supports and support base were machined from two sheets of 16mm MDF. This 
thickness was chosen due to its favoured mechanical properties at low cost and its screw holding 
capabilities. The mechanical properties of MDF are shown in Appendix II. 
 
Stage Four - The Application of Mould Release Agent 
In order to allow the moulds to be separated from the surfboard and each other, a mould release 
agent was required. Release agents create a fine layer on the surface of the mould to prevent 
lamination of the part to the mould. Release agents can be applied in numerous ways depending 
on the desired results, such as being brushed-on, sprayed-on or wiped-on to the part. Common 
types of mould release agents are listed in Table 6 (Potter, 1996). 
Table 6: Common mould release agents (Potter, 1996) 
Release Agent Description 
Polyvinyl alcohol 
A blue, red or clear liquid that is generally sprayed on to the mould, 
once dry it forms a plastic film between the moulded object and the 
mould surface. 
Wax 
A liquid or paste that creates a microscopic layer on the surface of the 
mould. 
Semi-permanent polymer systems 
Also known as semi-permanent release agents or polymer release 
agents. These utilise polymeric resins dissolved in a solvent which 
prevents parts from adhering to a surface. 
Hybrid systems 
This is a combination of a wax based release agent and a polymer. 
These systems often incorporate the benefits of each constituent, such 
as faster film formation and quicker solvent evaporation time. 
 
Loctite Frekote® 710-NC mould release agent was used for all processes that required part 
separation. Frekote® 710-NC is a multi-purpose release agent that is used to release epoxy 
resins, polyester resins, thermoplastics, rubber compounds and various other moulded 
polymers. This particular release agent is a clear, colourless solvent based polymer that cures 
at room temperature and does not build-up in the mould (Loctite, 2015).  
 
Stage Five - Application of Gel Coat 
Gel coat is a layer of unreinforced resin used to obtain a high-quality surface finish. The gel 
coat is applied to the mould surface prior to fibreglass reinforcement layers and ensures that 
water does not penetrate between the fibre and resin and also ensures there is sufficient material 
coverage over the plug.  The permeability of the gel coat should be equal to or less than that of 
the resin material used in the laminate. This is most often obtained using a gel coat of the same 
resin type as the laminate (Dodiuk & Goodman, 1999).  
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NCS Composites 22P1075 white polyester based gelcoat was used for the moulding processes, 
as it is compatible with vinyl ester and polyester resins which were used for the remaining parts 
of the mould. Gel coat exhibits thixotropic properties, which lowers its viscosity when agitated 
or mixed, allowing it to be brushed or sprayed on to the surface in liquid form. Once static, it 
alters its characteristics and becomes more viscous (Dodiuk & Goodman, 1999). In order for 
the gel coat to cure, a catalyst is required. This catalyst is the same as that used for resin. Whilst 
various types of catalysts can be used, methyl ethyl ketone peroxide (MEKP) is the most widely 
used for mould systems requiring a room temperature cure. MEKP allows vinyl ester and 
polyester resins to cure by reacting with the styrene monomer or with heat. This reaction forms 
crosslinks which alters the chemistry and forms bonds between the various constituents. Once 
crosslinking occurs, the resin reaches its gelation point. When crosslinks become dominant the 
resin becomes solid and is said to have cured (Aird, 2006). 
 
Stage Six - Initial Lay-up of Fibreglass and Resin 
450 𝑔 𝑚2⁄  chopped strand mat was cut into fine particles to be used as a paste around the rails 
of the surfboard. This mat is a randomly orientated form of fibreglass, in which glass fibres are 
chopped and mixed or sprayed into an emulsifier or binding agent to form a mat. Chopped 
strand mat exhibits low fibre content and large voids, however its low cost and ease of 
conforming to contours makes it a suitable fibre choice for mould reinforcing (Campbell, 2010). 
 
One layer of 165𝑔 𝑚2⁄  2x2 twill weave fibreglass was used on top of the gel coat to provide 
strength to the gel coat before the mould is built up using the mat. A twill weave cloth is more 
flexible and exhibits better drape-ability around curves and tight edges (Barbero, 2011).  
 
Vinyl ester resin was chosen due to its cost, fast curing times, ease of application and favoured 
mechanical properties and low viscosity, which ensures that fibres were completely immersed 
in the matrix (Interplastic Corporation, 2007).  The properties of the chosen vinyl ester resin, 
using 1.0WP% MEKP M100 catalyst are listed in Table 7 (CDR Polymers, 2014).  
 
Table 7: Properties of NCS 700-50 vinyl ester resin (CDR Polymers, 2014) 
Property Value Units 
Viscosity 2500-3500 Centipoise 
Density 1.09 – 1.11 𝑔/𝑚3 
Styrene Content 25-55 WP% 
Gel time with 1.0WP% MEKP M100 30-40 minutes 
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Stage Seven - The Final Lay-up of Fibreglass and Resin 
The same chopped strand mat used in Stage One was used to reinforce the mould. A low profile 
polyester tooling resin, Polylite 33542-75, was applied to the mat. This is a pre-promoted 
unsaturated laminating resin, which means that the styrene accelerator has been pre-mixed in 
the resin. This polyester resin required the same MEKP K15 catalyst that was used for the gel 
coat to initiate the crosslinking process (Reichold, 2014). 
 
This resin was selected for the final lay-up due to its low cost and ease of workability.  Since 
there was a requirement to use large amounts of resin and mat to increase the thickness of the 
mould, it was necessary to choose a resin that did not shrink or warp during the curing process, 
this ensured that stresses and distortion within the mould are kept to a minimum (Starr & Starr, 
1998). The properties of this resin are listed in Table 8 (Reichold, 2014).  
 
Table 8: Properties of Polylite 33542-75 low profile tooling resin (Reichold, 2014) 
Property Value Units 
Viscosity 4000-5000 Centipoise 
Density 1.37±0.02 𝑔/𝑚3 
Styrene Content 27±2.0 WP% 
Gel time with 1.25WP% MEKP K15 35-45 minutes 
 
 
Stage Eight - The Creation of Structural Supports 
The structural supports for all mould surfaces were constructed using timber off-cuts. The main 
requirement for the supports was to provide longitudinal and lateral strength to the fibreglass 
mould. This would ensure that the mould did not twist, deform or crack whilst in use. 
 
These supports had to be cut to the approximate profile of the surfboard, as such it was a 
requirement that the timber exhibited good workability. The timber also had to be thick enough 
as to not flex and contribute to the twisting of the mould. 
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5.2. Manufacturing Process 
The manufacturing process has been categorised into the following build stages, including the 
estimated time taken to successfully complete each build stage: 
Table 9: Manufacturing stages and time taken 
Stage Description Time Taken 
(hours) 
One Determining the surfboard edge. 2.0 
Two The manufacture of the flange and flange supports. 1.5 
Three Affixing the flange supports to the base. 2.5 
Four Affixing the flange to the flange supports and sealing the top flange. 18.0 
Five The manufacture of mould supports for the lower mould. 2.5 
Six Preparation of the lower mould and plug before composite application. 4.5 
Seven Composite lay-up of the lower mould. 4.0 
Eight Flange and support manufacture for the surfboard deck. 14.0 
Nine Preparation and composite lay-up of the outer deck sections 6.0 
Ten Preparation and composite lay-up of the centre deck section. 4.5 
Eleven Parting of all sections. 1.0 
 
The mould manufacturing process was performed between the 22nd of June 2016 and the 13th 
of September 2016, with the total mould manufacturing time estimated as 60.5 hours. These 
times are indicative only, and do not include the times taken to obtain inductions and approval 
to access laboratories and equipment, the creation of CAD models, familiarisation with 
software, processes required for CNC operation, composite curing times and lead-time for 
ordering of materials.  
 
Stage One - Determining the Surfboard Edge 
The outside edge of the surfboard was determined by eye and using hand measurements. This 
was performed using a set-square and locating a single point of contact between the set-square 
and the rail. This point was then marked using a pencil and was repeated at 20mm increments 
along the entire length of the rail on each side of the surfboard. Figure 27 shows the technique 
used: 
 
 
Figure 27: Determining the Surfboard Edge 
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Stage Two - Manufacturing the Flange and Flange Supports 
The three-axis UQ Architecture Faculty Workshop Group Multicam SR2412V CNC machine 
was used to manufacture the flange and flange supports. Detailed machine specifications are 
listed in Appendix I. This machine required 3D data to be in the form of Autocad Drawing 
Exchange Format (.dxf) which were created using Autodesk AutoCAD Professional 2017. 
  
The flange was developed using the plan view of the 3D model and the flange supports were 
created using sectional cuts through the depth of the surfboard which accounted for the 
curvature towards the centre. To make effective use of the MDF sheet, it was assumed that six 
supports would adequately support the surfboard during the moulding process. The .dxf 
drawings are shown in Figure 28. 
 
 
Figure 28: CNC .dxf files 
 
In both cases, the red outline illustrates the outline of the MDF sheet and the blue outline shows 
the intended machine toolpath.  
 
Figure 29 shows the flange and flange supports being machined.  
 
 
Figure 29: CNC machining processes 
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Stage Three - Affixing the Flange Supports to the Base 
The flange supports were bolted to the support base using 90° aluminium angled brackets to 
ensure that the supports were vertical. The inner supports were placed either side of the 
surfboard at a distance of 100mm from the centre-line. Further supports were placed at 200mm 
and 250mm from the centre-line. Self-adhesive foam strips were placed on sharp edges to 
protect the surfboard surface from damage. Figure 30 shows the mounted flange supports and 
contours, as well as the location of protective foam strips. 
 
 
Figure 30: Flange supports mounted to MDF base 
 
Stage Four - Affixing the Flange to the Flange Supports and Sealing the Top Flange 
Once the surfboard was secured, the flange was lowered and affixed to the supports with nails. 
A lot of time was spent lining up the flange to the pencil marks created in Stage One. This 
required more alteration than expected as complications occurred after the parts had been 
machined. These issues are further discussed in Section 8.1.2. The flange was sealed using a 
polyester resin which was applied manually. The flange alignment and sealed lower mould 
support is shown in Figure 31.  
 
 
Figure 31: Flange alignment and sealed lower mould support 
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Stage Five - The Manufacture of Composite Supports for the Lower Mould 
The composite supports were manufactured by hand from plywood and MDF. It was believed 
that these supports did not have to accurately follow the shape of the surfboard, as any 
discrepancies could be filled using excess fibreglass during the lay-up. Figure 32 shows the 
mould supports mounted on the top flange. 
 
 
Figure 32: Mould Supports 
 
Stage Six - Preparation of the lower mould and plug before composite application 
Modelling putty was used to fill small gaps between the flange and the surfboard as well as in 
the fin mounting points. This ensured that there would be no loss of material into these 
locations. In all cases, the putty was shaped down to the original object using a fine-bladed 
knife. Figure 33 shows the process of using modelling putty: 
 
 
Figure 33: Use of modelling putty to fill holes and gaps 
38 
 
After all holes and gaps were filled, mould release agent was applied to the flange and bottom 
of the surfboard. The rails, nose and tail were the most critical points as they required successful 
separation from the flange for the following stages of manufacture. Care was taken to apply 
generous amounts of release agent in these locations. Figure 34 illustrates the application of 
FreKote® 710, which was applied by hand. This was rubbed off shortly after the solvent 
evaporated, to reduce the chance of smears, lines and unwanted marks showing through the gel 
coat. This process was repeated 8 times to ensure full coverage. 
 
 
Figure 34: Application of FreKote® 710 Mould Release Agent 
 
Stage Seven - Composite lay-up of the lower mould 
The composite lay-up of the lower mould consisted of four main processes: 
 The application of NCS 22P1075 polyester gel coat. 
 The lay-up of a fine paste of chopped strand mat around the rails with NCS 700-50 vinyl 
ester resin. 
 The lay-up of one layer of twill weave fibreglass with NCS 150-700 vinyl ester resin. 
 The lay-up of 7 layers of chopped strand mat with Polylite 33542-75 tooling resin. 
 
Gel coat was brushed on to the lower mould support by hand, ensuring that there was an even 
layer of ±4mm coating the surfboard and the flange. Gel coat was prepared using a MEKP K15 
catalyst, mixed at a weight percent (WP%) of approximately 1.5WP%. Figure 35 illustrates the 
gel coat mixing and application process. 
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Figure 35: Gel coat application processes 
 
The gel coat was cured for approximately 4 hours (dependent on relative humidity and applied 
thickness) before the application of fibreglass. 
 
The vinyl ester resin was mixed using the same processes adopted for the gel coat and samples 
were individually weighed and thoroughly mixed by hand prior to application. In order to 
ensure that the resin cured, a minimum catalyst amount of 1WP% was required. This resin was 
initially used with chopped strand mat that had been cut up into small pieces. This created a 
paste which was used around the outside of the rails and provided increased strength and 
damage tolerance for the areas which would later be parted. Following this, a full layer of twill 
weave fibreglass cloth was laid over the partially-cured gel coat. This was wetted-out using the 
same vinyl ester resin. It was essential to eliminate air pockets between the fibreglass and the 
gel coat, to reduce the likelihood of weak spots and delamination. This was achieved through 
the use of small rollers, which gradually forced the air bubbles out of the wetted cloth.  
 
Figure 36 shows this technique, highlighting the use of fibreglass paste around the rails of the 
surfboard and showing the final result of the layup. 
 
 
Figure 36: Removal of air pockets and completed lay-up 
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The mould was further built-up using chopped strand mat and polyester resin. These are cost-
effective materials used to rapidly increase thickness and strength of the mould. The process is 
listed in Table 10. 
Table 10: Final lay-up process 
Step Process 
One Mix appropriate amount of Polylite resin with 1.5WP% MEKP K15 catalyst. 
Two Wet the lower mould with resin. 
Three Apply one layer of pre-cut chopped strand mat. 
Four Ensure the mat is completely wetted-out and apply more resin as necessary. 
Five Remove air pockets using a roller. 
Six Repeat the process until the mould is built up a satisfactory amount. 
 
 
Seven layers of chopped strand mat were used for the lower mould. Once these layers were 
completely wetted-out, the mould supports were placed onto them. These supports were 
reinforced using small sections of mat. Figure 37 illustrates the supports and the cured Polylite 
resin. 
 
 
Figure 37: Mould supports and cured lower mould 
 
Once cured, the mould was successfully parted using plastic wedges. Figure 38 shows the parted 
mould with the surfboard remaining attached to it. 
 
 
Figure 38: Parted lower mould 
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Stage Eight - Flange and Support Manufacture for the Surfboard Deck 
The lower mould was used as a new flange for the remaining manufacturing processes. The 
upper mould was designed to part in three sections and consisted of two vertical flanges to aid 
in separation. These flanges were created by hand using 3mm MDF and were angled and bent 
to conform to the changing slope of the deck. Figure 39 illustrates the vertical flange assembly. 
 
 
Figure 39: Vertical Flange Assembly for the Deck 
 
Modelling putty was once again used to fill gaps between the flanges and the surface of the 
board, shown in Figure 40. 
 
 
Figure 40: Modelling putty used to fill gaps 
 
Stage Nine - Preparation and Composite Lay-up of the Outer Deck Sections 
The outer edges of the mould were prepared, laid-up and supported using the same processes 
outlined in stages six and seven. The main difference was the use of 4 layers of chopped strand 
mat with a reduced catalyst amount of 1WP% for the polyester tooling resin. It was decided to 
reduce the catalyst amount to increase the gelation time and improve workability of the resin.  
These processes are shown in Figure 41. 
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Figure 41: Outer deck section lay-up 
 
Stage Ten - Preparation and Composite Lay-up of the Centre Deck Section 
Once cured, the vertical flanges were parted and discarded. This resulted in two outside moulds 
completely enclosing the rails. The remaining centre section was prepared and laid-up using 
the same processes mentioned previously. Figure 42 illustrates these processes. 
 
 
Figure 42: Centre section lay-up 
 
Stage Eleven – Parting of All Sections 
Holes were drilled through all of the adjoining flanges before the sections were parted. This 
allowed each flange to be bolted together and ensured that the mould would be able to be aligned 
after it was separated. After successfully separating each section, the deck mould was removed 
from the lower flange. This can be seen in Figure 43.  
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Figure 43: Deck mould parting 
 
The surfboard was removed to reveal the final part of the design, the lower mould, shown 
below: 
 
 
Figure 44: Lower mould parting 
 
 
5.3. Material Use and Costs 
There was no specific budget allocated to the project however funding was available at the 
discretion of the Academic Supervisor. As such, costs were closely monitored and controlled 
during all stages of the build.  
 
Table 11 provides a detailed breakdown of the materials used and costs incurred during the 
mould manufacturing process. 
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Table 11: Material use and costs 
Process Quantity Cost incl. 
(Au$) 
Trade Cost incl. 
(30% discount) 
(Au$) 
UQ Engineering Workshop 3D Scanning 3 hours n/a n/a 
UQ Architecture Workshop CNC machining: 
 Flange 
 Flange Supports 
 
1 hour 
1 hour 
 
10.00 
10.00 
 
n/a 
n/a 
Timber: 
 2400x1200x3mm MDF flange 
 2400x1200x16mm MDF flange supports 
 2400x1200x16mm MDF base and mould supports 
 Miscellaneous off-cuts (including plywood) 
 
1 
1 
1 
n/a 
 
9.98 
29.00 
29.00 
n/a 
 
7.78 
22.31 
22.31 
n/a 
Joining and fastening equipment: 
 90 Degree Aluminium Angle 
 8mm nuts and bolts 
 Nails 
 
36 
30 
60 
 
25.20 
22.20 
2.75 
 
19.38 
17.08 
2.12 
Polyester flange sealant 0.25kg 9.50 n/a 
Loctite Frekote® 710-NC mould release 0.5l 23.78 n/a 
NCS 22P1075 gel coat: 
 Lower mould 
 Deck outer mould sections 
 Deck centre mould section 
 
1.1kg 
0.8kg 
0.6kg 
 
39.19 
28.51 
21.37 
 
n/a 
n/a 
n/a 
Fibreglass: 
 450g m2 ⁄ Chopped Strand Mat 
 165g m2⁄  2𝑥2 twill weave fibreglass 
 
20m 
2.2m 
 
110.00 
13.34 
 
n/a 
n/a 
Polyester tooling resin: 
 Lower Mould 
 Deck Outside Mould Sections 
 Deck Centre Mould Section 
 
21kg 
4kg 
8kg 
 
232.15 
44.22 
88.44 
 
n/a 
n/a 
n/a 
Vinyl ester resin: 
 Lower Mould 
 Deck Outside Mould Sections 
 Deck Centre Mould Section 
 
1kg 
1kg 
0.8kg 
 
18.98 
18.98 
15.18 
 
n/a 
n/a 
n/a 
MEKP Catalyst 
 K15 
 M100 
 
0.53kg 
0.03kg 
 
10.55 
0.62 
 
n/a 
n/a 
Miscellaneous Equipment 
 Workshop Consumables (brushes, containers etc.) 
 
n/a 
 
12.59 
 
n/a 
 
The total cost for the manufacture of the mould is calculated as $825.53. This cost can be 
reduced to $798.38 with a suitable trade discount. The majority of costs are attributed to the 
large amounts of composite material required, calculated as $674.81. 
 
The majority of these costs are sourced from Bunnings Warehouse, an Australian timber and 
hardware supplier. Composite materials were sourced from CG Composites in Brisbane, 
Australia. These costs are correct as of the time of writing however it is recommended to 
perform a detailed cost analysis if this process is to be repeated in the future. 
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6. Prototype Surfboard Manufacture 
Through further research, it was established that VIP and RTM processes were the most suitable 
closed mould techniques based on the mould design. However, due to their associated 
complexities, as discussed in Section 8.3.1, a hand lay-up for the prototype surfboard was 
proposed. The manufacture of a full-size surfboard was expected to prove that the four-part 
mould would be a suitable concept for revolutionising the surfboard manufacturing process 
before the mould is further adapted for a more refined manufacturing process.  
 
As mentioned in literature, there are many individual components required to produce a 
surfboard. In order to mould the surfboard, it was necessary to create a foam core of the same 
shape that accounted for the thickness of the fibreglass skin to allow it to fit within the mould. 
In addition to this, consideration was given to fibre type, resin type and stringer design. 
 
Whilst the successful completion of the mould proves that the novel mould design can be 
manufactured, the production of the first surfboard was far from satisfactory. The material 
selection for this surfboard is discussed in this section, with problems encountered during the 
manufacturing process further detailed in Section 8.2. 
 
6.1. Material Requirements and Selection 
6.1.1. Foam Core 
According to Trigger Bros, a surfboard manufacture in Victoria, Australia, the foam core is the 
most important and most difficult part of the surfboard to manufacture (Trigger Bros, 2016). 
As such, two different manufacturing methods were considered to determine their validity for 
this project. The use of a small-scale CNC router was initially trialled. This machine utilised 
the geometry from the 3D scan and toolpaths in the form of G-Code to machine the surfboard 
from a solid block of EPS foam. After successfully producing a 35% scale model of the 
surfboard, this method was deemed too inefficient, with further explanations provided in 
Section 8.2.1. 
 
An alternative approach was devised which consisted of pouring liquid PU foam into the mould. 
Surfboard foam densities typically range between 16 − 28 kg/m3 for EPS and 32-34 kg/m3 
for PU (Sanded Australia, 2016). Thus, a two-part liquid PU foam with a nominal free rise 
density of 34 kg/m3 was obtained. This is a closed cell rigid foam, formulated using a 
chlorinated aliphatic phosphate blowing agent with zero ozone depletion potential, zero global 
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warming potential and is VOC exempt. The reaction requires polyether polyol mixture to be 
mixed with 1.115WP% isocyanate, which forms an exothermic reaction followed by expansion 
(Australian Urethane Systems, 2010).  
 
Two options were considered for foam pouring, provided in the table below. 
Table 12: PU foam manufacturing options 
Option Method 
One Seal the four-parts of the mould together and lay the mould vertically. Pour the foam through the 
upper-most part of the mould and allow it to expand vertically until the mould is completely full. 
Pouring can be performed in small sections, however a reduction in mechanical properties would 
be noticed where these sections join. 
Two Manufacture the core separately in the top and bottom halves of the mould. Lay the two mould 
halves horizontally and allow the foam to expand to the atmosphere. Once cured, join the two 
sections to form one foam core.   
 
Small moulds were manufactured to determine the most viable option. When used within a 
confined space the pressure caused by the rise of the foam caused irreversible damage. This test 
was particularly important as the surfboard mould is required to be re-useable and any risks 
associated with damaging the mould must be avoided. Method Two worked successfully, and 
reduced the risk of permanent damage. Pouring PU foam also requires consideration for the 
ability to remove the foam after expansion as it expands following the path of least resistance 
and is difficult to remove from surfaces which are not perfectly smooth (Packham, 2002). 
Mould release agents were tested with the most promising option being selected as a greased 
wax paper lined on the separate mould halves.  
 
As the foam rise was unrestricted, it was important to overfill the mould to ensure that the foam 
successfully filled all corners. Figure 45 illustrates this process. 
 
 
Figure 45: Over-poured Foam 
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The foam was cut back to the correct profile using the flange as a guide, revealing two separate 
halves of the surfboard. The lower half of the foam core is shown in Figure 46. 
 
 
Figure 46: Lower foam section 
 
The two halves were joined using a small amount of the same foam. This was the most efficient 
method of joining the two halves together, as other adhesives were absorbed into the foam. The 
complete joined core is shown in Figure 47. 
 
 
Figure 47: Poured foam core 
 
As can be seen in the above figure, the foam became wrinkled in areas. This was attributed to 
the wax paper moving in the mould during the pouring process. These areas were repaired as 
much as possible by pouring additional foam into them and manually sanding them back to the 
correct shape, however the shape of the foam started to show signs of deviation from the 
original. The foam core also weighed more than expected, at 1.424kg. Since the original 
surfboard weighed 2.756kg this only allowed 1.332kg for the resin and fibreglass until the 
manufactured surfboard exceeded the weight of the original. 
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6.1.2. Stringer 
The use of a stringer in a conventional surfboard provides stiffness and strength to the foam 
core. To further explore the nature of revolutionising the manufacturing process, alternative 
stringer designs were created using CAD. These designs incorporated the stringer into the core 
manufacturing process, to alleviate the requirement of modifying the core once it was 
manufactured. 
 
In addition to conventional stringer design, which consists of a single wooden stringer running 
longitudinally down the centre of the surfboard, alternative stringer designs using non-
conventional materials were created that are believed to result in improved mechanical 
properties. Figure 48 shows two proposed designs.  
 
 
Figure 48: Stringer designs 
 
These designs both use carbon fibre which results in a stringer of high stiffness and tensile 
strength whilst remaining light weight, however the use of this material would increase costs 
and could potentially increase labour requirements. (Vinson, 1999). 
 
The cross-brace arrangement is placed on the deck and also on the bottom of the surfboard and 
increases the surfboards resistance to compressive and tensile forces. This method was 
proposed for use with the CNC machine as it can form part of the machine toolpath. Two 
stringers spanning the length of the surfboard also increase rigidity and reduce twisting and 
bending. This design could be incorporated into a CNC process and also a pouring process that 
could be performed in individual sections. These designs can be analysed using suitable FE 
software to determine their effect on mechanical properties. 
 
Due to the difficulties experienced with manufacturing the foam core, as discussed in Section 
8.2.2, it was decided to create the prototype surfboard without a stringer, to reduce the chance 
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of further complications. This approach was also expected to provide information regarding the 
stiffening effects of a stringer on a surfboard. 
 
6.1.3. Resin 
In addition to the novel mould design, the manufacturing technique could be further 
revolutionised by using non-conventional resins. According to Nathan Guerriero, a surfboard 
shaper and author, the majority of surfboard manufactures use epoxy resins for surfboards 
requiring low weight or increased durability, or polyester resins for low cost (Guerriero, 2011). 
There is little information available regarding the use of vinyl ester resin for surfboard 
manufacture. Whilst this resin exhibits properties similar to polyester resin, its chemical nature 
is similar to epoxy resin. Vinyl ester resins offer greater resistance to water and improved 
chemical resistance, strength and stiffness at elevated temperatures. As such, its mechanical 
properties and cost are found to lie between these two resins (Mukhopadhyay, 2005). An 
infusion resin, Crystic® VE671, manufactured by Scott Bader Chemicals was chosen due to its 
low viscosity and fibre-wetting characteristics. 
 
6.1.4. Fibre 
In order to reduce costs associated with the prototype surfboard, a single layer of 165g m2⁄  2x2 
twill weave E-grade fibreglass cloth was proposed. This would be used to test the concept prior 
to the use of more expensive materials such as carbon or basalt fibres. Further consideration 
can be given to the use of alternative materials for the manufacture of subsequent surfboards.  
 
6.2. Manufacturing Process 
The most challenging part of manufacturing the prototype surfboard was pouring the foam core. 
It was difficult to achieve consistent density and surface finish for each foam section. Repairs 
and sanding reduced the final core shape which required more manual labour, resulting in the 
foam core taking 4 hours to manufacture. It also resulted in the surfboard being approximately 
5mm smaller than the void in the mould. This concern was taken into consideration as it meant 
that excess resin would be required to fill cavities between the mould surface and the foam core. 
Due to time and material constraints, this technique was still adopted with the knowledge that 
the prototype surfboard would exhibit different mechanical properties to the original board. The 
excess resin would increase the overall surfboard weight and result in a more brittle surface, it 
would also result in a more expensive process depending on the type of resin used.  
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After placing the foam core in the mould, 2.2m of 165 𝑔 𝑚2⁄  twill weave fibreglass cloth was 
cut into two sections. The larger of these was placed on the bottom of the mould and wrapped 
around the rails and the smaller section was placed on the deck. Figure 47 shows the cloth 
placed into the lower section of the mould. 
 
 
Figure 49: Placement of fibreglass cloth 
 
Three holes were drilled into the centre section of the mould to allow excess resin to be poured 
into the mould to fill voids between the core and mould surface. These holes were located at 
the nose, tail and centre of the surfboard to allow the highest and lowest parts of the mould to 
be filled. A polyester pigment was sourced to dye the vinyl ester resin white. This was also 
expected to improve the appearance of the surfboard. The wet lay-up process that was 
developed for the prototype surfboard is outlined in Table 13. 
Table 13: Prototype surfboard manufacturing process 
Step Process 
One Apply mould release to all mould sections. Repeat this process until a satisfactory amount has 
been applied. 
Two Trim twill weave fibreglass to the required shape. 
Three Lay fibreglass cloth to the lower half of the mould. 
Four Mix appropriate amount of vinyl ester resin with 20WP% pigment (varies on brand) and 1-
1.5WP% MEKP catalyst (on the total weight of the resin and catalyst). 
Five Wet the fibreglass cloth located in the bottom of the mould and remove any air bubbles. 
Six Pour excess resin into the bottom of the mould. 
Seven Lower the foam core into the mould, squeezing out excess air where possible. 
Eight Wrap the fibreglass around the rails. 
Nine Lay fibreglass cloth on the deck. 
Ten Apply resin and wet the cloth out. 
Eleven Attach the two deck outside sections, and bolt them down accordingly. 
Twelve Apply excess resin before attaching the centre deck section of the mould. Bolt together all flanges. 
Thirteen Pour resin through the hole on the tail of the surfboard, wait until the resin rises out of the hole in 
the centre of the surfboard and seal it off to prevent excess resin from leaving the mould. 
Fourteen Gently tilt the mould forwards and wait until resin rises out of the hole in the nose. Place an item 
under the mould to maintain the correct angle where the resin does not flow out of the hole. Seal 
the hole. 
Fifteen Pour resin into the tail of the surfboard until the hole on the tail is full. 
Sixteen Leave the mould a minimum of 24 hours to cure. 
Seventeen Once cured, part the flanges using a plastic wedge and reveal a finished surfboard. 
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The resin application process is shown in the figure below: 
 
 
Figure 50: Prototype surfboard resin application process 
 
The lay-up process took approximately 2 hours to complete, however it yielded poor results, 
which are further discussed in Section 8.3.3. In order to prove that the novel four-part mould is 
suitable for surfboard design, it was decided to produce a small section of the surfboard using 
a more accurate method. Further tests were performed on PU foam release agents and it was 
determined that a wax, known as K-Wax, yielded good results. This wax was applied directly 
to the mould and, once the mould was sectioned, PU foam was poured directly into it. With a 
small amount of sanding, the foam section showed promising results. Fibreglass and an epoxy 
resin with a slow hardener, manufactured by West System, were then used with the same lay-
up process described in Table 13.  
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The processes involved in the manufacture of the tail section of the surfboard are shown in 
Figure 51. 
 
 
Figure 51: Surfboard section manufacturing processes 
 
 
This manufacturing technique proved to be successful, with the moulded panel shown in Figure 
52.  
 
 
 
Figure 52: Successful moulded surfboard section 
 
This proves that the mould concept is a suitable manufacturing technique for surfboard 
manufacture, however further recommendations to improve these processes have been 
discussed in Section 9. 
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6.3. Material Use and Costs 
The material use and costs of the prototype surfboard are shown in Table 14. These prices are 
correct at the time of writing and were obtained from CG Composites. Should further surfboards 
be manufactured it is advised that a cost analysis be performed prior to manufacture. 
Table 14: Prototype surfboard material use and costs 
Component Quantity Cost incl. 
(Au$) 
PU Foam Core Austhane AUE276 4kg 57.42 
Loctite Frekote® 710-NC mould release 0.1l 6.25 
165g m2⁄  2𝑥2 twill weave fibreglass  2.2m 13.34 
Summit Chemicals white polyester pigment 0.8kg 38.50 
Vinyl ester infusion resin Crsytic VE671  4.6kg 55.61 
CG Composites MEKP VP160A catalyst 0.046kg 0.76 
Workshop Consumables (brushes, wax, paper, containers etc.) n/a 6.20 
 
During the moulding process it was observed that the prototype surfboard used a large amount 
of vinyl ester resin. The hand-lay-up technique resulted in material wastage but it was decided 
that it was more important to prove the concept at this stage of the project. The prototype 
surfboard cost a total of $178.08 to manufacture. 
 
For consistency, the cost of the small surfboard tail section was also recorded, shown in Table 
15. The majority of costs were obtained from CG Composites, with the remainder from 
Industrial Hobby and Fibreglass, located on the Sunshine Coast in Queensland. 
 
Table 15: Material Use and Costs 
Component Quantity Cost incl. 
(Au$) 
PU Foam Core Austhane AUE276 0.5kg 7.18 
Loctite Frekote® 710-NC mould release 0.05l 2.38 
165g m2⁄  2𝑥2 twill weave fibreglass  0.4m 2.43 
West System 105 Epoxy Resin and 206 slow hardener (kit) 0.5l 17.73 
Workshop Consumables (brushes, wax, plastic cups etc.) n/a 3.00 
 
This section is approximately 
1
6
 of the full scale surfboard and cost $32.72 to manufacture. 
Based on this estimation, the expected cost for a full size surfboard using these materials is 
$196.32. 
 
This process used more expensive materials to avoid complications, resulting in a less cost-
efficient manufacturing technique. Materials should be selected carefully if this manufacturing 
technique is used for mass production. 
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7. Mechanical Testing 
Due to the issues associated with the manufacturing of the prototype surfboard, it was difficult 
to obtain properties to compare to the original surfboard. As such, this section outlines the 
processes used to obtain mechanical properties of the original surfboard and provides an insight 
into the use of state-of-the-art testing apparatus available at UQ. These testing techniques will 
apply to all subsequent surfboards manufactured using the mould. The physical properties of 
the original surfboard are as follows: 
Table 16: Physical surfboard properties 
Property Value Units 
Volume (CAD) 27.24 𝑙 
Centre of Gravity (CAD) 
 
 
X 
Y 
Z 
-47.23 
-0.56 
-17.91 
mm 
mm 
mm 
Length (Measured) 1866.95 ±0.5 mm 
Maximum Width (Measured) 472.25 ±0.5 mm 
Weight (Measured) 2.76 kg 
 
 
The use of Finite Element Analysis (FEA) for analysing the surfboard structure was deemed 
outside of the scope of this Thesis. Whilst the 3D model can be used with this form of analysis, 
the result would not be beneficial for the comparison of manufactured surfboards, unless further 
3D scans are taken and compared. 
 
Instead, a non-contact measuring system known as ARAMIS was used to evaluate the 
surfboards reaction to load. This system uses digital image correlation to obtain high-precision 
measurements for the evaluation of 6 Degree-of-Freedom systems. This device can measure 
surface strain, 3D displacements, 3D velocities and 3D accelerations to the sub-micrometer 
range. These measurements are independent on the material type, sample geometry, 
temperature and the surrounding humidity (GOM, 2016). Figure 53 illustrates the concept of 
ARAMIS. 
 
 
Figure 53: Principle of ARAMIS operation (GOM, 2016) 
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7.1. Procedure 
In order to determine changes in strain, displacement and deformation, ARAMIS requires a 
random speckle pattern to be applied to the face of the test sample. The relative movement of 
each individual speckle is captured using the high resolution cameras, with neighbouring pixels 
grouped into facets. Each facet distorts when a load is applied, with the amount of change 
measured from the previous image (Pickerd, 2013). 
 
 
Figure 54: ARAMIS facet field (Pickerd, 2013) 
 
Figure 55 shows the speckle pattern painted on the surfboard. 
  
 
Figure 55: Painted speckle pattern 
 
Supports were designed using CAD which consisted of vertical and horizontal timber sections 
connected with a hollow cylindrical polyvinyl chloride (PVC) tube. The purpose of the supports 
is to raise the surfboard 550mm above the ground and to locate and maintain its position within 
the useable range of the ARAMIS cameras. The PVC tube ensures the surfboard contacts the 
tube at only one point instead of distributing the load. 
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The CAD design is shown in Figure 56. 
 
 
Figure 56: ARAMIS surfboard support design 
 
This simplified approach is used as a comparison and does not accurately represent the forces 
acting on a surfboard during use, it does not consider any of the dynamic loads associated with 
surfing. Loads were created using sandbags which were placed an equal distance apart from 
each support, assumed to be at the location where a surfer would place their feet. Initially, a 
total load of 392.4N was applied to the surfboard, equating to a weight of 40kg. This was 
increased to 784.8N or 80kg, corresponding to just below the average Australian male weight 
of 85.9kgs (ABS, 2012). 
 
The supports were tested using a FE stress analysis within Autodesk Inventor to ensure that 
they would withstand the applied loads. This was particularly important to ensure the structure 
would not collapse or buckle during testing as ARAMIS is unable to determine a change in the 
support end conditions. A maximum displacement of 2.867mm was determined from this study, 
as shown in Figure 57 for a single front support. More detailed results are provided in Appendix 
III. 
 
 
Figure 57: ARAMIS surfboard support FEA 
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Due to the high resolution of the cameras, ARAMIS captures a very specific sample size which 
is determined based on speckle dimensions and the distance from the object. To try and ensure 
accuracy, only a small section of the surfboard was tested. A test point near the rails was 
selected as it was deemed to be the point in which maximum bending would occur. Due to the 
nose of the surfboard being thinner than the tail, the nose is more susceptible to bending loads. 
As such, the supports were placed 180mm from the nose and 167mm from the tail. The 
thickness of the surfboard at each of these locations was measured to be approximately the 
same. The test point was located 945mm from the nose of the surfboard and 165mm from the 
central stringer towards the rails. To reduce inaccuracies the sample area was kept small, 
measuring only 0.0527m2. The sample area and calibration details for the test are shown in 
Appendix IV. 
 
Figure 58 shows ARAMIS calibrated and focussed on the sample area. 
 
 
Figure 58: ARAMIS Calibration 
 
Figure 59 illustrates the use of 20kg sandbags to provide load. 
 
 
 
Figure 59: Using 20kg Sandbags to apply a load 
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The support setup and sample location is shown in Figure 60. 
 
 
Figure 60: Test setup and sample location 
 
This test generates a normal tensile stress on the underside of the surfboard and normal 
compressive stress on the deck. 
 
7.2. Results 
The major strain contour plot overlaid on the high resolution photo for the maximum applied 
load of 784.4N is shown below: 
 
 
Figure 61: Major strain for maximum applied load 
 
This plot can further be shown as a 3D image in Figure 62. 
 
 
Figure 62: 3D strain contour plot 
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As can be seen in Figure 62 the maximum strain is shown as 5.190%. This is believed to be an 
outlier due to the small sample size, and is highlighted in red at a single point on edge of the 
sample area. Due to software limitations this outlier could not be removed. Thus, the range of 
strain for accurate analysis is between 0 and 2.25%, with the maximum occurring at 1.725%.  
 
The displacement contour plot for the maximum applied load of 784.4N is shown below: 
 
 
Figure 63: Displacement for maximum load 
 
The maximum displacement is determined to be 18.44mm. This point occurs at the edge of the 
sample area towards the middle of surfboard as expected for a four-point bending test. The 
results are summarised in Table 17.  
 
Table 17: ARAMIS Test Results 
Load 
(N) 
Major Strain 
(%) 
Displacement 
(mm) 
0 0 0 
392.4 1.110 10.051 
784.8 1.575 18.440 
 
 
It can be seen that increasing load results in an increase in strain and displacement, however 
due to the nature of composites and the surfboard consisting of non-homogeneous materials in 
a sandwich structure, this trend cannot be assumed to be linear with an increase in load.  
 
This process can be repeated on a manufactured surfboard with these values being used as a 
point of reference. These values are only valid using the same sample location, applied loads 
and end conditions. 
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8. Discussion 
Many challenges were experienced throughout this project, all of which impacted the time taken 
to complete tasks and, in some cases, resulted in the project falling behind schedule. The 
majority of risks were identified in the early stages of the project, however new risks arose and 
were dealt with accordingly.  
 
8.1. Mould Manufacturing Complications 
8.1.1. 3D Scan Accuracy 
The 3D scan allowed the mould manufacturing process to be visualised fully in 3D space, 
however it became apparent that inaccuracies were introduced through the scanning technique 
and also through post-processing. 
 
The quality of the scanned data depends on the density of the point cloud which is further 
dependent on the characteristics of the sample surface. In order to reduce computational time, 
the density of the point cloud was reduced using data filtering, which impacted the quality of 
the generated mesh. Furthermore, factors such as surface reflectivity, colour, roughness and 
transparency resulted in some sections of the surfboard not being recognised by the laser, as 
can be seen in Figure 64.  
 
 
Figure 64: 3D Scanned surfboard mesh 
 
Another important point to note was the observation of bumps due to changing surface textures. 
This was more prominent where the surfboard had previously been painted which created raised 
surfaces that were flattened using appropriate processing techniques. This introduces errors into 
the scanned data as the original shape of the mesh is replaced with a smooth surface. A study 
was performed by Eurographics, a Swiss based computer graphics association, who believe that 
bump removal and refilling leads to a very sparse object reconstruction, however this process 
is still favoured as it creates a watertight model of uniform height. Figure 65 shows the process 
of removing a bump using post-processing techniques (Weyrich et al., 2004). 
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Figure 65: Bump removal using post-processing (Weyrich, et al., 2004) 
 
In order to try and recover the missing data, separate 3D scans of the nose and rails were taken. 
This required the individual meshes to be stitched together using best-fit approximations within 
the software to match data points and create a final merge. These sections can be seen in Figure 
66. 
 
 
Figure 66: Best-Fit data approximations used to match separate sections 
 
These issues impacted the accuracy of the overall project since they are believed to contribute 
to the errors associated with the design of the flange, discussed below.  
 
8.1.2. Design Errors of the Flange 
The use of digital fabrication techniques increased productivity throughout the early stages of 
the build. It is believed that the manufacturing processes would have been a lot more 
complicated using conventional wood-working techniques performed by hand. 
 
One of the most significant errors was in the design of the main flange which conformed to the 
curvature of the surfboard. It was difficult to accurately represent the change in slope of the 
surfboard in a two dimensional view. This was required to generate a .dxf file for the CNC 
machine. Another contributing factor was the calculated error (maximum of 0.89%) between 
the scanned geometry and the actual surfboard measurement. These are both believed to have 
resulted in a slightly under-sized .dxf file which resulted in a smaller outer profile which needed 
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manual alteration to fit around the surfboard edge. This introduced elements of human error as 
minor alterations resulted in large changes when the flange was mounted. Once altered, this 
process was irreversible, resulting in a discrepancy in the distance between the flange and the 
surfboard, in particular around the nose and tail but also in some parts of the rails. This 
discrepancy and the use of modelling putty to resolve it are shown in Figure 67. 
 
 
Figure 67: Discrepancy in flange dimensions and use of putty  
 
8.1.3. Material Use 
The use of materials was closely monitored however certain stages of the manufacturing 
process required more materials than initially estimated. The use of composite materials does 
not always allow accurate material estimations, as the changing nature and quality of material 
directly affects the amount of material required. These estimations are dependent on the choice 
of fibre and resin, their void content, homogeneity and the way in which they are applied. The 
most significant underestimation of materials occurred during the lay-up of chopped strand mat 
which is attributed to it being a manual lay-up process, as well as to the material properties.  
 
The maximum fibre volume fraction of a composite is obtained using a composite material with 
unidirectional reinforcement. These fibres are assumed to be arranged in a parallel fashion and 
exhibit hexagonal-close packing. In reality, it is difficult to achieve the maximum fibre volume 
fraction since the fibres are not perfectly parallel. As soon as fibres are in a non-unidirectional 
form, a certain amount of the reinforcement is oriented out of plane. The close packed 
hexagonal packing is no longer obtained and the maximum fibre volume fraction is decreased. 
The use of loosely packed fabrics, such as chopped strand mat, results in the volume fraction 
unlikely to exceed 50%, with volume fractions typically ranging between 15% and 25% fibre 
(Powell & Housz, 1998). 
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In addition to this, the liquid absorbance of the chopped strand mat was unknown at the point 
of application. The Department of Polymer Engineering at Budapest University of Technology 
and Economics measured and evaluated the absorption ability of resins in glass fibre mats and 
concluded that the void size of the fibre influences the rate and ability of resin to be absorbed. 
A larger void size results in more resin uptake but at a slower rate (Gombos, Nagy, Koštáková, 
& Vas, 2006). A further contributing factor is the viscosity of Polylite resin, which is between 
4000cps and 5000cps. This high viscosity required more resin to be applied to ensure 
penetration of the pores and complete wetting of the fibre. Thus, it is believed that the size of 
the voids and the high resin viscosity significantly increased the amount of resin required for 
the moulding processes. 
 
8.1.4. Curing Times and Excessive Resin Exotherm Generation 
An unsaturated polyester resin, such as Polylite, is created when a di-acid, constituted of two 
carboxyl groups, and a di-alcohol, constituted of two hydroxyl groups, react in a condensation 
polymerisation process to form an ester. As this reaction proceeds, the molecular chains grow 
and form a repeating unit. Repeating units continue to join until an unsaturated polyester is 
formed. The polymer is further processed by dissolving it in a monomer or reactive dilutent, 
forming a resin. The majority of unsaturated polyester resins contain between 25% and 50% 
monomer, which is most often a styrene due it being low-cost and resulting in good heat 
resistance and strength (Astrom, 1997). 
 
The addition of an initiator, or catalyst, initiates the formation of free radicals and forms cross-
linking of the polymer chains at each of the reactive sites, resulting in the formation of a highly 
complex three-dimensional network. It is important to ensure that the resin mixture is properly 
mixed prior to application and that the correct amount of catalyst is used in carefully measured 
doses. The addition of too much catalyst will result in a rapid gelation time and an increased 
reaction rate, whereas the addition of too little catalyst will result in the resin not curing 
effectively. The cross-linking reaction is exothermal, with free radicals being further stimulated 
by an increase in temperature  
 
When mixing large volumes of resin in a deep container the catalyst initiates the curing process 
and the generated heat cannot escape. This increases the mobility of the molecules further 
increasing temperature and reaction rate, until the movement of free radicals is impaired and 
the resin is cured. The various stages of the reaction are shown in Figure 68 (Astrom, 1997).  
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Figure 68: Polyester resin exotherm generation with time (Astrom, 1997) 
 
This was noticed during some stages of the manufacturing process, when the resin reached its 
gelation time sooner than expected. This occurred before there was time to apply the resin to 
the fibreglass resulting in unwanted material wastage.  
 
Furthermore, the exotherm generated from the reaction also increased with the addition of more 
layers of fibreglass mat, where temperature continued to rise as heat could not escape. The 
movement and production of free radicals rapidly increased throughout the rest of previously 
applied resin. The gelation time of Polylite resin is stated between 35 and 45 minutes with 
1.25WP% catalyst, however due to the increased exotherm this was reduced to a matter of 
minutes.  
 
This reaction has the potential to cause smoke, fire and bodily harm. As such, measures were 
quickly put in place to reduce the temperature of the mould. Felt cloth was soaked in cold water 
and placed on the mould to absorb excess heat and cool the surface. Two industrial fans were 
also used to blow cooling air over the mould, shown in Figure 69. 
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Figure 69: Excessive exotherm and cooling the mould 
 
As can be seen in the above figure, the pale cured resin is noticeable in areas where more layers 
of mat were laid. The darker coloured resin shows where the resin was still curing. The 
uncontrolled exotherm has the potential to increase stresses due to the expansion of materials. 
These stresses can cause gel coat crazing, a thermal phenomenon that produces fine microscopic 
cracks on the surface of the material. If the stresses become too large, the microscopic cracks 
propagate and form a visible crack that has the potential to damage the moulding surface 
(Gillespie, 1988). 
 
In all subsequent processes it was decided to reduce the amount of layers of chopped strand mat 
to reduce the likelihood of excessive exotherm being generated.  
 
8.1.5. Emission of VOC’s 
The use of polyester and vinyl ester resin in the manufacturing of the mould resulted in potential 
exposure to toxic chemicals. Health concerns relating to these types of resins are most 
commonly associated with the presence of styrene. Styrene is a clear hydrocarbon given by the 
following chemical formulae (National Center for Biotechnology Information, 2016): 
 
𝐶8𝐻8 𝑜𝑟 𝐶6𝐻5𝐶𝐻𝐶𝐻2 𝑜𝑟  𝐶6𝐻5𝐶𝐻 = 𝐶𝐻2 
 
Due to its chemical nature, styrene is classified as a VOC as it has a high vapour pressure at 
standard room temperature. Acute reactions to styrene vary from person to person due to 
individual tolerance levels. The values presented in Table 18 list the possible acute reactions 
based on a specified concentration range (Astrom, 1997): 
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Table 18: Acute reactions of styrene exposure (Astrom, 1997) 
Concentration 
(PPM) 
Acute Reaction 
20-100 Mild temporary irritant to the respiratory tract and eyes. Sweet aromatic odour. Can result 
in light-headedness. 
101-200 More severe irritant to the respiratory tract, mucous membranes and skin. Can result in 
unconsciousness. 
201-499 Severe irritant to the eyes and respiratory tract. Sharp, disagreeable odour. Possible 
depression of the nervous system. 
 
Styrene is most often absorbed through inhalation, either during the mixing and application 
process or from secondary processes such as cleaning clothes and equipment that have come 
into contact with the chemical. Long term health effects can consist of central nervous system 
disorders, skin disease, kidney disease, chronic respiratory disease and liver disease (Safe 
Environments, 2015).  
 
The current Australian permissible exposure limit defines the permissible range of short term 
and long term exposure to styrene. The short term exposure limit (the average airborne 
concentration calculated over 15 minutes) should not exceed 100PPM. The time weighted 
average (the average concentration calculated over an 8 hour business day) should not exceed 
50PPM (Safe Work Australia, 2011).  
 
In order to reduce the chance of styrene inhalation or absorption, it was necessary to wear a 
facemask fitted with charcoal filters, wear suitable gloves and handle the chemical with care. 
Ideally, a laboratory should be setup to extract the emissions and replace the contaminated air 
with an inflow of fresh air. The laboratory in which these chemicals were used did not 
adequately extract the fumes from the contaminated air, instead, the venting systems of various 
laboratories were linked together, causing the fumes to be re-circulated. Whilst the 
concentrations were below the safe exposure limits, further investigation should be performed 
on the venting system in the laboratory to reduce the risks associated with the use of this 
chemical in the future. 
 
8.2. Prototype Surfboard Manufacturing Approaches 
8.2.1. Using a Small Scale CNC Router to Machine a Foam Core 
A small scale CNC router was initially proposed to cut the foam core. Small rectangular sections 
of EPS foam were acquired for testing. In order to test the effectiveness of this approach, a 35% 
scale surfboard model was created using the 3D scan geometry. This geometry was imported 
into PTC Creo software and loaded into a manufacturing environment. In order to accurately 
cut both sides out of one block, a concept was devised to create a rectangular supporting flange 
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surrounding the previously machine surfboard half. Two separate G-Code files were created 
which consisted of a roughing toolpath followed by a surfacing toolpath. A roughing toolpath 
was initially used to remove material as fast as possible, whilst a surfacing toolpath finishes the 
cut with more precise tolerances. 
 
The foam block was located on the sacrificial board of the CNC machine using angled brackets 
and double-sided self-adhesive tape. This ensured there was no movement of the workpiece 
during cutting and also allowed the block to be turned over and placed in the same location 
when it came time to cut the other side. Figure 70 shows the CNC router and the foam block 
secured in place. 
 
 
Figure 70: Small scale CNC router and foam block test sample 
 
The machine operated on threaded linear rods in the X and Y planes and was susceptible to 
losing its co-ordinates. During the machining process the machine became locked on one track, 
resulting in loss of co-ordinates and incorrect cut being made. This required the machine to be 
re-adjusted, re-calibrated and the toolpath returned to a previous point in the G-Code and had 
the potential to completely destroy the part. Figure 71 illustrates the roughing and fine toolpaths 
and the 35% scale surfboard model. 
 
 
Figure 71: Roughing toolpath, fine toolpath and 35% scale model 
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The CNC process for the 35% scale model raised many concerns for the use of the same method 
for a full size surfboard. The scale model took 8 hours and 40 minutes to cut and, due to a lack 
of a suitable dust extractor, created a lot of airborne particles.  
 
As this process was successful, further investigation was performed on its validity for the full 
size surfboard. The biggest restriction was the physical dimensions of the machine. The 
surfboard was deemed too long to fit within the limit stops, and the machine would also have 
to be modified to increase the Z-axis cutting distance to account for the changing slope of the 
surfboard. It was therefore decided to machine the surfboard in two halves, requiring two large 
EPS workpieces. Four different sets of G-Code were regenerated for a full size model, these 
were created with as much roughing as possible, with the largest milling bit (12mm) selected 
to try and improve efficiency. Simulations were run on each G-Code which were optimised as 
much as possible, resulting in a total estimated machining time of 18 hours per complete 
surfboard. This lengthy manufacturing time, compounded with the dust generation, potential 
machine malfunctions and the requirement to monitor the machine at all times of operation 
resulted in this production method being abandoned for more efficient processes. 
 
Alternative CNC machines were considered to increase the efficiency of the process. The UQ 
Architecture workshop was contacted to determine whether it was possible to use their large 
scale CNC machine. However, due to health and safety issues, the use of EPS was prohibited. 
 
8.2.2. Pouring PU Foam 
Small samples were manufactured from various mould types. These samples were used to 
compare the choice of release agents and variation in the foam mixing characteristics. The 
quoted free-rise density proved to be difficult to obtain, with the density of the majority of 
samples calculated between 45-55 kg/m3 based on measured volume and weight. 
 
Table 19 lists the specifications for Austhane AUE276 foam. 
  
Table 19: Austhane AUE276 specifications (Australian Urethane Systems, 2010) 
Property Value Units 
Mix time 20 seconds 
Cream time 40-46 seconds 
Gel time 175-185 seconds 
Tack free time 220-240 seconds 
 
These results are obtained when mixing the foam at 2300RPM for 20 seconds, with the mould 
surface heated to approximately 30℃ (Australian Urethane Systems, 2010). 
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As can be seen in the table, there was very little time to work with the product after it was 
mixed, with the foam becoming unworkable after it started to cream. This occasionally resulted 
in material wastage as it was difficult to pour large volumes and ensure complete part coverage. 
It was also difficult to obtain the foam properties due to the requirement for high mixing speeds 
and heating the mould above room temperature. 
 
In order to try and reduce material wastage, the foam was poured in two successive batches for 
each half of the mould. This allowed more time to ensure the foam covered the bottom of the 
mould, however it introduced errors due to different mixing speeds, mixing ratios and mixing 
times. Whilst these processes were kept as consistent as possible, the overall foam exhibited 
different densities as can be seen in the varying pore sizes. 
 
The use of a PU release agent altered the properties on the surface of the foam. Numerous 
release agents were tested and each displayed different characteristics. The most significant 
were dissolving and yellowing of the foam which required manual sanding to be removed. The 
decision to use a wax paper to line the mould was driven by the fact it gave the best results on 
a flat surface, however complexities arose when used around tight edges. The wax paper 
became creased and potentially moved during the pouring process, resulting in an inconsistent 
surface finish where the foam tore away in areas. This is shown in Figure 72. 
 
 
Figure 72: PU foam complications 
 
The foam was repaired using the same PU foam by mixing and pouring it into the voids. This 
was then sanded back prior to being placed in the mould, once again introducing more error. 
The most common practice employed by surfboard foam blank manufacturers is the use of steel 
or concrete reinforced moulds which allows accurate application of expanding foam to ensure 
that the density is consistent throughout the core (360 Guide, 2015). 
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8.3. Hand lay-up of the prototype surfboard 
8.3.1. Justification of Chosen Moulding Method 
Due to the manufacturing issues associated with the foam core, open moulding techniques, such 
as vacuum bagging, and closed moulding techniques such as VIP and RTM were considered 
for surfboard manufacture using the mould. In order to remain within the scope of the thesis it 
was decided to use a hand lay-up process within the closed mould, with the knowledge that the 
result might not be satisfactory. 
 
The size and complexity of the mould introduced complications for consideration of other 
closed moulding techniques. VIP requires a stable vacuum which would be difficult to obtain 
within the mould. This could be overcome by creating a vacuum over the entire mould, however 
it is believed that this would draw resin through the flanges. Infusion techniques also require a 
transfer mesh inside the mould to distribute resin evenly along the length of the moulded part, 
this would therefore require modification to the mould to obtain satisfactory results.   
 
The design of the mould makes it more suited to the use of RTM techniques. The vents created 
in the centre section of the deck mould will allow resin to be transferred into the mould when 
it is completely closed. These vents can be used to ensure resin is transferred to the highest 
points and can be blocked off when a suitable amount of resin has entered the mould. 
 
It was believed that the foam core was too small, with a noticeable gap of approximately 5mm 
between the core and the mould surface. The core suffered from imperfections which consisted 
of large voids, varying cell densities and poor visual appeal. A hand lay-up was believed to 
allow these imperfections to be filled with resin at the expense of an increase in weight.  
 
The hand lay-up uses the same principles as RTM, however the transfer of resin is controlled 
by hand. This technique was chosen to try and prove the concept, as it allowed control over 
wetting the fibre prior to closing the mould. Furthermore, it ensured that the fibre on the rails 
could be closely monitored to ensure pinching and wrinkling did not occur when the moulds 
were joined. 
 
8.3.2. Vinyl Ester Viscosity 
The viscosity of the vinyl ester infusion resin is believed to have impacted the outcome of the 
hand lay-up process. Table 20 lists the viscosities of various materials (Liptak, 2003): 
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Table 20: Viscosities of various materials (Liptak, 2003) 
Material Viscosity (cps) 
Water 1.0 
Kerosene 2.05 
SAE 10 oil 88.0 
SAE 30 oil 352 
SAE 50 oil 880 
Molasses 8640 
 
Crystic VE671 vinyl ester infusion resin exhibits a low viscosity of 450cps (Scott Bader 
Chemicals, 2013). As can be seen in the table, this viscosity is seen to occur between various 
grades of oil. In comparison to conventional laminating resin, such as Silmar SIL66BQ-249, 
that has a viscosity of 550cps, it is seen to be less viscous (Interplastic Corporation, 2013). It 
was believed that this low viscosity contributed to the foam core absorbing resin during the lay-
up process, most likely due to the poor surface finish and varying foam densities from the 
repairs. As the quantity of resin increased, the more saturated the foam became. This resulted 
in the resin sitting on the foam surface for a longer period of time, potentially being absorbed 
at a slow rate. Not only did this require more materials than estimated, it was also expected to 
significantly increase the weight of the surfboard. 
 
Following the wet lay-up process, it was noticed that leaks started to occur where the flange of 
the top and bottom mould joined. This is believed to have occurred due to incomplete sealing 
of the flange, as it was difficult to tighten the bolts to provide a full seal, especially when there 
were time constraints to mix additional resin. The low viscosity of the resin is also believed to 
contribute to these leaks, as the fluid is able to run more freely out of the mould.  Figure 73 
shows the resin leaking between the joined flanges, this was rectified after the final mixture of 
resin was poured by tightening each bolt as much as possible. 
 
 
Figure 73: Resin leaking between the flanges after hand lay-up 
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8.3.3. Pigment Incompatibility 
Vinyl ester resins show chemical similarities to epoxies and unsaturated polyester resins and 
were developed to the combine favoured properties from each resin, such as the fast cross-
linking mechanisms from the polyester and favoured mechanical properties from the epoxy.  
Vinyl ester resins are produced by the esterification of epoxy resins and α-β unsaturated 
carboxylic acids. The structure of a typical vinyl ester, Bisphenol-A, is shown in Figure 74 
(Astrom, 1997). 
 
Figure 74: Bisphenol-A chemical structure (Astrom, 1997) 
 
The cross-linking mechanisms exhibit the same characteristics as those of unsaturated 
polyesters, where free-radicals are formed once a catalyst is added. Due to vinyl esters reacting 
in this fashion, the addition of polyester pigment was expected to have no effect other than to 
change the overall resin colour. This assumption (confirmed with the supplier) along with time 
constraints, resulted in tests on small samples not being performed prior to the application of 
pigmented resin in the mould. The resin was thoroughly mixed until it became opaque and it 
was then applied to the mould using the hand lay-up process and left to cure. The mould was 
inspected 72 hours later with the initial appearance suggesting that the resin had not cured 
correctly. It was then decided to split the mould to determine the outcome.  
 
From inspection, it appeared that the majority of the resin had been absorbed into the foam core. 
The pigment also separated from the resin and dispersed to the deck of the surfboard. It is 
believed that the cloth acted like a filter, resulting in a pool of uncured resin remaining in the 
bottom of the mould. The foam core and cloth were unsalvageable, as shown in Figure 75. 
 
 
Figure 75: Prototype surfboard manufacturing complications 
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This incompatibility was unknown at the time of application. In order to narrow down the cause, 
tests were performed on small samples that were set up in a similar manner to the mould and 
mixed with the same amount of MEKP VP160A catalyst (1WP%). Foam blocks were wrapped 
in fibreglass cloth and over-saturated with resin before being left to cure in air, and also left to 
cure in a sealed in a container. During application, it was noticed that there was a small amount 
of resin absorption into the foam in both cases. 
 
The tests showed a large increase in the gelation time of the pigmented resin, assumed to be 
caused due to the crosslinking process being altered and reducing the rate of formation of free 
radicals. It was also noticed that the fibreglass cloth remained tacky, whilst the cloth became 
hard when the unpigmented resin was left to cure. Curing conditions did not affect the samples 
as both exhibited the same effects. Figure 76 shows the pigment separation in the samples 
shown on the right of each image, whilst the unpigmented resin samples exhibit a complete 
cure, shown on the left of each image. 
 
 
 
Figure 76: Effect of pigment on vinyl ester resin 
 
It was, however, noted that the resin without a pigment started to excessively exotherm. The 
over-saturation of resin is believed to inhibit the temperature from escaping, which caused the 
resin to prematurely cure and resulted in the deformation of the plastic container it was placed 
within. The peak exotherm of Crystic VE671 is between 150°C and 170°C with a peak time of 
between 22 and 52 minutes (Scott Bader Chemicals, 2013). Whilst only speculation, this 
incompatibility with the pigment could potentially have reduced the chance of the mould being 
destroyed by the high temperatures associated with excessive exotherm. 
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8.4. ARAMIS as a Testing Platform 
ARAMIS is an efficient testing platform used to determine mechanical properties without 
requiring material properties, as such it can be used effectively as a tool in the development 
stage to aid in laminate selection. The maximum determined strain of 1.75% and displacement 
of 18.44mm is based on a small sample area and is believed to be relatively high for a fibreglass 
composite, however these values could change if a larger area is used. These results are difficult 
to compare to existing data found from four-point flexure tests, as the majority of tests are 
performed to ASTM standards using specifically designed coupons instead of on a complex 
curve such as a surfboard. Figure 77 shows the load vs. deflection of a 30mm x 90mm x 3.2mm 
coupon consisting of a combination of fibreglass and carbon fibre in an epoxy matrix subjected 
to a four-point flexure test (Belingardi, Cavatorta, & Frasca, 2006). 
 
 
Figure 77: Four-point flexure test of fibreglass/carbon epoxy (Belingardi, et al., 2006) 
 
This sample shows a sharp increase in deflection followed by a peak at approximately 700N 
where the object fractures and exhibits a decrease in stiffness with increasing laminate damage. 
Whilst this composite is manufactured from different materials to a surfboard the trend is 
expected to be similar. Consideration should be given to further testing to obtain and quantify 
more data to determine the exact trends experienced in a surfboard. The use of ARAMIS is 
further limited due to the assumptions used to obtain data. It is assumed that the surface is free 
of defects and flaws, however flaws and existing damage could exist on the part being tested 
which introduces errors. ARAMIS requires line-of-sight with the object being tested and also 
requires the random speckle pattern to be appropriately applied to the surface. These speckles 
can break or deform during loading which further reduces the integrity of the collected data. 
Furthermore, this testing platform requires accurate calibration and is not a cost-effective 
process for comparing surfboards due to large expenses associated with equipment purchase, 
setup and software licencing (Mentzer, 2016). Further consideration can be given to alternative 
testing methods, mentioned in Section 9.3. 
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9. Conclusions 
The design and manufacture of the mould proved to be a labour-intensive task. It was important 
to try and think ahead at all times, as many processes relied on the quality of the outcome of 
the tasks performed two or three steps prior. The use of digital fabrication techniques improved 
the efficiency of the processes and the quality of the manufactured parts, however in some cases 
manual alteration was required due to post processing techniques associated with 3D scanning 
and the use of CAD designs. The time taken to design and construct the mould can be reduced 
with more exposure to the processes as the majority of these required a steep learning curve. 
 
The successful creation of a novel four-part mould proved that it is possible to overcome the 
design issues associated with conventional two-part moulds as the three-part top mould allows 
the fabric to be successfully draped around the rails of the surfboard, reducing the likelihood of 
the fabric pinching and wrinkling when the moulds are brought together. It is, however, still 
important to take care when locating and bolting the sections to avoid fibre movement.  
 
The use of polyester resin and chopped strand mat is a cost-effective solution to manufacture 
the mould, however complications arose due to the nature of the chemical reaction and the 
constituents. More consideration should be given to the risks associated with the exothermic 
reaction of these resins as well as the emissions of VOC’s within a laboratory space. 
 
The use of ARAMIS is an efficient technique to determine mechanical properties without 
requiring material properties, however the approach that was taken is currently limited to a 
small sample area and there were significant outliers affecting the integrity of the data. This 
technique could be used in a more controlled environment to improve the accuracy of results.  
 
It was determined that the most difficult part of the surfboard manufacturing process is the 
production of a foam core. Tight tolerances are required as the core is incorporated inside the 
closed mould prior to the application of cloth and resin. It was found that a core with too much 
tolerance required excess resin whilst a core with too little tolerance did not allow for successful 
fibre wetting. The core also required manual sanding to ensure the mould would close around 
it, which can have a significant impact on the cost of the manufacturing method depending on 
the choice of resin and the time required for modifications.  
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The challenges associated with fabricating the prototype surfboard highlighted the limitations 
associated with the mould design and the material selection. These challenges question the 
applicability of this manufacturing process as an effective surfboard manufacturing technique 
to manufacture boards that exhibit the same mechanical properties. Whilst it has been difficult 
to prove the manufacturing technique is optimally suited to mass production of full scale 
surfboards, it is believed that proof-of-concept has been obtained with the production of a small 
section entirely using the mould. It is believed that with further testing and refinement this 
process will also be applicable to a full size surfboard and should reduce the costs, labour 
requirements and material use associated with conventional manufacturing techniques. 
 
9.1. Opportunities 
The four-part mould design shows potential as a surfboard manufacturing technique as it 
overcomes many issues associated with conventional closed moulding processes. Whilst still in 
the prototype stage, there is potential for the mould to be adapted to use cleaner manufacturing 
techniques such as VIP or RTM. These processes would not only produce a surfboard with 
optimal fibre wetting, but also reduce material wastage, costs, manual labour requirements and 
contact with VOC’s by containing them within the mould. 
 
Due to the steep learning curve associated with the use of digital equipment and composite 
application techniques, it is believed that there will be a significant reduction in the time 
required to manufacture future moulds, if required, which suggests that this method can be 
suited to mass production of surfboards.  
 
The closed mould will allow non-conventional materials to be used to produce the same 
surfboard design. Testing can then be performed on these surfboards to determine the validity 
of sustainable materials in this sport. 
 
The problems associated with the foam core show how tight tolerances have to be to use this 
manufacturing process successfully. By reducing the costs associated with manufacturing and 
labour, consideration can be given to using more expensive materials that exhibit favoured 
mechanical properties, however this relies on tight tolerances between the mould and the core. 
 
The use of ARAMIS as a testing platform shows promise as it is efficient and able to measure 
mechanical characteristics of the surfboard. With more time given to understand the equipment 
and its limitations, and with more loading scenarios, the surfboard could be tested under a 
variety of conditions to obtain more accurate data.  
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9.2. Publishability 
The work undertaken in this thesis is expected to be publishable. A thorough intellectual 
property (IP) search was performed at the early stages of the design. It was determined that 
there were no patents or registrations associated with the proposed techniques relating to 
surfboard manufacture. The configuration of the four parts makes the design unique and 
distinctive from conventional processes. As such, it can be registered which will provide 
exclusive rights to allow the design to be used commercially or for licensing purposes. 
 
The testing procedure using ARAMIS also has the potential to be published in the form of a 
report or engineering journal. This would require more research and development and will 
require a larger range of samples with accurately controlled loads and sample areas.   
 
9.3. Recommendations for further work 
The following recommendations are provided to further the work in this field and are also 
expected to improve the overall outcome if these manufacturing processes are repeated. 
 
3D Scanning Techniques and the Use of CAD 
In order to reduce the errors associated with post-processing it is advised that 3D scanning 
should be performed on an object that exhibits a uniform surface finish. This can be achieved 
by applying a matte paint to the surface prior to scanning. Ideally, the scan of the object should 
be created in one attempt to reduce errors caused from best-fit approximations. Furthermore, 
an attempt should be made to try and utilise the full capability of CAD to accurately model 
complex curves and generate more accurate files for use with CNC machines. 
 
Material Selection for the Closed Mould 
Consideration should be given to the porosity of the fibres as well as the viscosity, gelation time 
and peak exotherm temperature of the chosen resins. In order to reduce the emission of VOC’s, 
and if cost is not a factor, the use of sustainable materials could be investigated. Consideration 
should be given to the quantity of materials required with detailed analysis performed, if 
possible, prior to application. 
 
Laboratory Conditions 
The manufacture of the mould using polyester and vinyl ester resins should be performed in a 
laboratory with controlled humidity and temperature, as well as with more space and improved 
ventilation. This will ensure that there is enough work space around such a large mould and 
will also reduce the possibility of inhaling fumes and VOC’s. 
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Design and Manufacture of the Foam Core 
It is recommended to use a purposefully designed surfboard milling machine or a robotic CNC 
machine to accurately manufacture a foam core from EPS foam. Emphasis should be given to 
the tolerance of the core to the inside of the mould which will reduce material wastage. The 
foam core can be manufactured with a provision for the stringer design, to reduce labour 
requirements for this process. If unable to source an appropriate CNC machine, an additional 
suitably designed reinforced mould could be developed to improve the results obtained from 
pouring liquid PU foam. This design should be able to withstand pressure from the rising foam 
and should accommodate the fibre thickness to ensure tight tolerances are met without the need 
for manual sanding. 
 
Testing on Small Sections 
It is advised to test composite products in small sections prior to being used for the final 
application to reduce the chance of material wastage. The use of pigment altered the chemical 
characteristics of the resin and should be investigated further. It is expected that this is one of 
the main causes of the resin not curing during manufacture of the prototype surfboard. 
 
Material Selection for the Surfboard 
If the hand lay-up technique is used, a resin with higher viscosity should be considered. This 
will reduce the chance of leaks through the closed mould. The use of non-conventional 
materials can be considered that could incorporate eco-friendly resins, foams and cloth. 
 
Mechanical Testing  
Once a full scale surfboard is successfully manufactured, ARAMIS should be used with the 
same setup as the original surfboard to compare mechanical properties. Should more properties 
be required, alternative approaches could be considered such as Non-destructive testing (NDT), 
destructive testing using Instron machines, or real-world data collection from the surfboards 
whilst in use. 3D scanning can be used to scan both surfboards to compare their deviation which 
will also allow FEA techniques to be used to compare the geometry obtained from the two 
scans. 
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Appendix I: Machine Specifications 
Table 21 provides detailed specifications of the Faro ScanArm HD (FARO, 2016): 
 
Table 21: Faro ScanArm HD Specifications (FARO, 2016) 
Parameter Value Units 
Accuracy ±25 𝜇𝑚 
Scan Rate 
280 fps 
560000 Points per line 
  
Table 22 lists the UQ Architecture Faculty Workshop Group Multicam SR2412V CNC 
machine specifications (Multicam Systems, 2011). 
 
Table 22: Multicam SR2412V Specifications (Multicam Systems, 2011) 
Specification Value Units 
Maximum Routing Length 2500 mm 
Maximum Routing Width 1300 mm 
Repeatability 0.025 n/a 
Positioning Speed Up to 30,000 Mm/min 
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Appendix II: MDF Mechanical Properties 
The mechanical properties of 3mm MDF are summarised in the following table (EWPAA, 
2016). 
Table 23: 3mm MDF Mechanical Properties (EWPAA, 2016) 
Property Value Units 
Density 660-700 𝑘𝑔/𝑚3 
Bending Strength 18 MPa 
Bending Stiffness 2800 MPa 
 
The mechanical properties of 16mm MDF are summarised in the following table (EWPAA, 
2016). 
 
Table 24: 16mm MDF Mechanical Properties (EWPAA, 2016) 
Property Value Units 
Density 660-680 𝑘𝑔/𝑚3 
Bending Strength 15 MPa 
Bending Stiffness 2600 MPa 
Screw Holding (Face) 600 N 
Screw Holding (Edge) 700 N 
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Appendix III: ARAMIS Support FEA 
The load case and constraint conditions for the FEA on the ARAMIS supports is shown in 
Figure 78. 
 
Figure 78: Load case and support constraints 
 
Table 25 lists the material properties. 
 
Table 25: FEA material properties 
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Table 26 lists the results of the stress analysis. 
 
Table 26: FEA Results 
 
 
Figure 79 shows the location of maximum stress experienced in the join of the PVC tube and 
the wooden supports as 24.24MPa (Von Mises Stress). 
 
 
Figure 79: ARAMIS support maximum Stress 
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Figure 80 shows the maximum displacement experienced due to the applied moment, resulting 
in 2.867 in the centre of the PVC tube. 
 
 
Figure 80: ARAMIS support maximum displacement 
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Appendix IV: ARAMIS Calibration  
Figure 81 shows the calibration details for ARAMIS on the day of the mechanical testing. It 
also shows the measurement type and the chosen sample area/volume. 
 
 
 
Figure 81: ARAMIS calibration 
 
 
